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The p90 ribosomal S6 kinase (RSK) family, a downstream target of Ras/ex-
tracellular signal-regulated kinase signaling, can mediate cross-talk with the
mammalian target of rapamycin complex 1 pathway. As RSK connects two
oncogenic pathways in gliomas, we investigated the protein levels of the RSK
isoforms RSK1-4 in nontumoral brain (NB) and grade I-1V gliomas. When
compared to NB or low-grade gliomas (LGG), a group of glioblastomas
(GBMs) that excluded long-survivor cases expressed higher levels of RSK1
(RSK1"). No difference was observed in RSK2 median-expression levels
among NB and gliomas; however, high levels of RSK2 in GBM (RSK2")
were associated with worse survival. RSK4 expression was not detected in
any brain tissues, whereas RSK3 expression was very low, with GBM
demonstrating the lowest RSK3 protein levels. RSKI™ and, to a lesser
extent, RSK2" GBMs showed higher levels of phosphorylated RSK, which
reveals RSK activation. Transcriptome analysis indicated that most RSK 1™
GBMs belonged to the mesenchymal subtype, and RSK 1 expression strongly
correlated with gene expression signature of immune infiltrates, in particular
of activated natural killer cells and M2 macrophages. In an independent
cohort, we confirmed that RSK 1" GBMs exclude long survivors, and RSK 1
expression was associated with high protein levels of the mesenchymal sub-
type marker lysosomal protein transmembrane 5, as well as with high expres-
sion of CD68, which indicated the presence of infiltrating immune cells. An
RSK1 signature was obtained based on differentially expressed mRNAs and
validated in public glioma datasets. Enrichment of RSK 1 signature followed
glioma progression, recapitulating RSK1 protein expression, and was associ-
ated with worse survival not only in GBM but also in LGG. In conclusion,
both RSK1 and RSK2 associate with glioma malignity, but displaying

ACCCC, A.C.Camargo Cancer Center; CL, classical; DEG, differentially expressed gene; ERK, extracellular signal-regulated kinase; FFPE,
formalin-fixed, paraffin-embedded; GBM, glioblastoma; G-CIMP, glioma CpG island methylator phenotype; GSVA, Gene set variation
analysis; HCP, Hospital do Cancer de Pernambuco; HR, Hospital da Restauragao; IDH, isocitrate dehydrogenase; IHC,
immunohistochemistry; LAPTM5, lysosomal protein transmembrane 5; LGG, low-grade glioma; ME, mesenchymal; mTORC1, mammalian
target of rapamycin complex 1; NB, nontumoral brain; NK, natural killer cells; NL, neural; PN, proneural; RPPA, reverse-phase protein array;
RSK, p90 ribosomal S6 kinase; TCGA, The Cancer Genome Atlas; TMA, tissue microarray.
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Characterizing gliomas with high RSK1 expression levels
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isoform-specific peculiarities. The progression-dependent expression and
association with immune infiltration suggest RSK1 as a potential progression
marker and therapeutic target for gliomas.

1. Introduction

Gliomas are tumors of the central nervous system
resulting from the malignant transformation of glial
cells, their intermediate precursors, and neural stem
cells (Huse and Holland, 2010; Zong et al., 2015).
Gliomas are classified into different grades (I-1V)
according to their histological characteristics (Louis
et al., 2016). High-grade gliomas, III and IV, are con-
sidered malignant (Lienhart ez al., 2008). The incidence
of malignant gliomas is 17 000 new cases per year
(Omuro and DeAngelis, 2013). Astrocytomas are the
most common type of gliomas. In particular, grade IV
astrocytoma, also called glioblastoma (GBM, formerly
called GBM multiforme), represents 82% of malignant
gliomas. GBM is highly lethal, with the average
patient surviving only 12-15 months. Standard treat-
ment involves surgical resection when possible, but
because of its infiltrative nature, GBMs cannot be
completely removed. Therefore, adjuvant treatment,
consisting of radiotherapy and chemotherapy with the
alkylating agent temozolomide, is performed after sur-
gery. Nevertheless, almost all GBMs eventually recur
and the mean disease progression time after treatment
is 6.9 months (Omuro and DeAngelis, 2013).

The Cancer Genome Atlas (TCGA) and other similar
initiatives applied high-throughput genomic techniques
to hundreds of GBMs and low-grade gliomas (LGG;
grades I and III) (Ceccarelli et al., 2016). These efforts
resulted in numerous molecular classifications of gliomas.
For GBMs, TCGA proposed an initial classification into
four molecular subtypes (classical, mesenchymal, proneu-
ral, and neural) based on transcriptome data (Verhaak
et al., 2010). The isocitrate dehydrogenase gene 1 and 2
(IDH1/IDH2) mutational status and the hypermethyla-
tor phenotype [glioma CpG island methylator phenotype
(G-CIMP)], both characteristic of secondary GBMs and
associated with longer survival times, were then consid-
ered to improve the TCGA classification (Noushmehr
et al., 2010; Turkalp et al., 2014). Analysis of GBMs
together with LGG essentially divided gliomas into IDH
mutant (consisting of most LGG and secondary GBMs)
and IDH wild-type (mostly primary GBMs) (Ceccarelli
et al., 2016). Later on, TCGA eliminated the neural sub-
type classification for GBMs. Despite all these efforts,
only a limited amount of the generated information was

translated to patients. A few prognostic markers are
considered for GBM, including IDH1 mutation status
(Turkalp et al., 2014).

It was observed that 88% of GBMs show alterations
in at least one of the major components of the receptor
tyrosine kinase/phosphatidylinositol-3 kinase/protein
kinase B/mammalian target of rapamycin complex 1
(mTORCY) signaling pathways (Akhavan et al., 2010).
Ras/extracellular signal-regulated kinase (ERK) signal-
ing is also frequently altered in GBMs, and one of the
main causes is the loss of neurofibromin 1 in 18% of
patients (Akhavan ez al., 2010). A direct target of ERK
signaling is the p90 kDa ribosomal protein S6 kinase
family (RSK). In humans, there are four isoforms of
RSK with a high degree of homology (RSK1-4) (Anjum
and Blenis, 2008). RSKs can phosphorylate various sub-
strates, and it has been suggested that RSKs mediate
cross-talk between the Ras/ERK and mTORCI path-
ways. RSKs are known to be important in several can-
cers, controlling processes such as proliferation, mRNA
translation, and survival (Houles and Roux, 2018).
Despite its strategic position between two important
oncogenic pathways in GBMs, very little is known
about the role of RSK in gliomas. It was reported that
mesenchymal subtype GBMs showed a marginal
increase in phosphorylated RSK1 (T359/S363) relative
to proneural GBMs (Brennan et al., 2013). RSK2 is
thought to be a target of miR-218 and a regulator of
GBM migration and invasion (Mathew et al., 2015;
Sulzmaier et al., 2016). However, the last article failed
to exclude any involvement of the other RSK isoforms.
Moreover, the use of a nonspecific RSK inhibitor (BI-
D1870 (Roffé et al., 2015)) could mislead the correct
interpretation of RSK2 involvement (Sulzmaier et al.,
2016). Considering the potential of RSKs as important
modulators of oncogenic pathways, we aimed to com-
prehensively characterize the expression of RSK family
isoforms in gliomas and underscore its implications.

2. Materials and methods

2.1. Glioma patient cohorts

Formalin-fixed paraffin-embedded (FFPE) samples of
astrocytomas of different grades (I-1V) treated at the
A.C.Camargo Cancer Center (ACCCC), Sao Paulo,
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Brazil, from 1980 to 2004 were used for the construction
of tissue microarrays (TMA) (Alvarenga et al., 2017,
Machado et al., 2018): I—pilocytic (N = 36), II—diffuse
(N = 40), Ill—anaplastic (N = 14), and IV—GBM
(N = 85). The TMA also included 14 samples of nontu-
mor brain (NB). Eight additional GBM samples from
the ACCCC were included for the transcriptome analy-
sis (Table S1). For western blots, three grade II, two
grade III, and four grade IV fresh glioma samples from
ACCCC were included (Table S1). A second cohort of
49 GBMs was obtained from the Hospital do Cancer de
Pernambuco (HCP) and Hospital da Restauragao
(HR), Recife, Brazil (Table S1). The experiments were
undertaken with the understanding and written consent
of each subject. The study methodologies were approved
by Ethical Committees of the ACCCC (approval num-
ber 1485/10), HCP (CAAE: 5576716.3.0000.5205), and
HR (CAAE: 55476716.3.3002.5198), and conformed to
the standards set by the Declaration of Helsinki.

2.2. Immunohistochemistry

Immunohistochemistry (IHC) was performed as previ-
ously described (Alvarenga et al., 2013). Briefly, sections
were deparaffinized and hydrated and epitope retrieval
was performed in a pressure cooker. Nonspecific stain-
ing was blocked by the use of Dako Protein Block
(Dako, Agilent, Santa Clara, CA, USA). Sections were
incubated with anti-RSK1 (sc-231; Santa Cruz Biotech-
nology, Dallas, TX, USA) at 1:200 dilution, anti-
RSK2 (#9340, Cell Signaling, Danvers, MA, USA) at
1 :50 dilution, anti-RSK3 (sc-1431; Santa Cruz) at
1 : 100 dilution, anti-P(S380)-RSK (#9341; Cell Signal-
ing) at 1 : 25 dilution, anti-CD68 (sc-70761; Santa Cruz
Biotechnology) at 1 : 100 dilution, anti- lysosomal pro-
tein transmembrane 5 (LAPTMS5; ab108017; Abcam,
Cambridge, UK) at 1 : 50 dilution, and anti-IDH1®!32H
(DIA-H09; Dianova, Hamburg, Germany) at 1 : 100
dilution, in 1% BSA in PBS for 18 h at 4 °C in a humid-
ity chamber. Secondary antibody staining was per-
formed using EnVision + Dual Link (Dako). Color was
developed by DAB. As positive controls, we included
tissues with known protein expression and the primary
antibody was omitted for negative controls. Quantifica-
tion of HSCORE was digitally made by Aperio ScanS-
cope XT (Leica, Buffalo Grove, IL, USA) as previously
described (Alvarenga et al., 2013). Briefly, each pixel
was classified as negative (0), weakly positive (1), posi-
tive (2), or strongly positive (3). The number of pixels in
each category was then counted and a HSCORE was
calculated according to the formula HSCORE =
¥(i x Pi), where Pi = percentage of positive pixels, var-
ied from 0% to 100%, and pixel staining intensity i = 0,
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1, 2, or 3 (Hatanaka er al., 2003). For IDH1®"3?H THC,
samples with no staining were considered wild-type, and
when staining of any intensity was observed, the sam-
ples were considered IDHI1 mutant (Machado et al.,
2018). For CD68 staining, the % of strongly labeled pix-
els was measured.

2.3. Western blot

Fresh glioma samples were processed after surgery with-
out a freezing step. The GBM cell line LN-18 (ATCC®
CRL-2610, Manassas, VA, USA) was used as a control.
LN-18 cells were serum-starved for 48 h followed by 10%
serum treatment for 15 min. LN-18 cells were also trans-
fected to express HA-RSK3 or HA-RSK4 as in Roffé
et al. (2015). Tissue and cell extracts were obtained and
used for western blot as in Roffé et al. (2015). In the case
of tissue samples, the lysates were performed with the help
of a polytron. The antibodies for RSK1, RSK2, RSK3,
and P(S380)-RSK were the same of the IHC. Additional
antibodies were as follows: RSK4 (sc-100424; Santa Cruz),
P(S227)-RSK2 (#9341; Cell Signaling), PTEN (#9559; Cell
Signaling), and ERK1/2 (#9102; Cell Signaling).

2.4. Immunohistofluorescence

For multiplex immunohistofluorescence, the Opal™ 4-
Color Manual Kit (PerkinElmer, Waltham, MA,
USA) was used according to the manufacturer’s
instructions. Briefly, slides were deparaffinized and
rehydrated and epitope retrieval was performed by
microwave in AR6 buffer. Endogenous peroxidase
activity and nonspecific binding were blocked. Incuba-
tion with primary antibodies (CD68; Santa Cruz, sc-
70763, 1 : 5000; LAPTMS5; Abcam, ab108014, 1 : 100;
RSK1 Santa Cruz, sc-231, 1 :5000), diluted in Tris/
HCI (50 mm) pH 7.5 + 1% BSA, was performed over-
night at 4 °C. After washing, secondary antibody
Advance HRP Link (Dako®-K4068) was used. The
fluorophore of the Opal working solution diluted
1 : 1000 in 1X amplification diluent was applied, and
the slides were incubated for 10 min. Removal of the
antibodies was performed with AR6 buffer in micro-
wave, followed by a second round of primary and sec-
ondary antibodies. Nuclear staining was performed
with Draq5 (Thermo Fisher, Waltham, MA, USA).
Images were acquired by Leica SP5 confocal micro-
scopy (Leica).

2.5. HTA 2.0 microarray processing and analysis

mRNA from the 30 GBM samples from the ACCCC
cohort was extracted from FFPE slices using the
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ReliaPrep™ FFPE Total RNA Miniprep System (Pro-
mega, Madison, WI, USA) and processed using the
SensationPlus™ FFPE Amplification and 3’ IVT
Labeling Kit (Thermo), followed by GeneChip Human
Transcriptome Array 2.0 (Thermo) according to the
manufacturer’s instructions. The CEL files were nor-
malized and summarized at the gene level using SST-
RMA algorithm from the TRANSCRIPTOME ANALYSIS
coNsOLE software (Thermo). Normalized expression
and DABG (detection above background) values were
retrieved from the CHP files using the AFFXPARSER
package. Five of the 30 FFPE blocks were newer, and
a batch effect was observed for them. Thus, ComBat
algorithm was used to remove batch effects (Leek
et al., 2012). Transcript clusters with DABG > 0.05
for all of the samples were excluded. Data were anno-
tated according to the HTA20TRANSCRIPTCLUSTER.DB
package in Rr. Only transcript clusters with a corre-
sponding RefSeq ID for protein (‘NP’) were kept, and
transcript clusters for the same gene were collapsed
(based on max intensity) using the wGcNA package
(Langfelder and Horvath, 2008). For unsupervised
hierarchical clustering, differentially expressed gene
(DEG) analysis, and signature acquisition, the dataset
was filtered to keep mRNAs with higher median inten-
sity and standard deviation (sd) than the RSKI
mRNA. A total of 4562 genes were used for analysis.
DEG was obtained using the LiMMmA package in R
(Ritchie et al., 2015). DEGs were used as input for the
GOstats package to determine the biological processes
enriched in RSK1" and RSK1'" groups (Falcon and
Gentleman, 2007). As universe for GOstats, all
mRNAs from the filtered dataset were used and a
hypergeometric test was applied with a pvalueCut-
off = 0.001.

2.6. Profiling of immune infiltrate based on
transcriptome data

We used the ESTIMATE package to estimate the nontu-
moral fraction, and immune and stromal components
for the 30 GBM samples (Yoshihara et al., 2013). The
profiling of 22 immune-related cell types was per-
formed using the LM22 gene signature for the CIBER-
SORT software (https://cibersort.stanford.edu/)
(Newman et al., 2015). For CIBERSORT, the normal-
ized transcriptome data were transformed by applying
2"data. We disabled quantile normalization, and 1000
permutations were carried on. The relative formula of
immune cells was corrected with the tumor purity
estimation from the ESTIMATE analysis, to allow deter-
mination of the fraction of tumor represented by each
cell type.

G. N. Hajj et al.

2.7. Determination of signature enrichment
scores by GSVA

The Gene set variation analysis package for rR was
used with the following parameters: mx.diff = T and
method = ‘gsva’ (Hanzelmann et al., 2013). Before
using GSVA, mRNAs with a median intensity and sd
below any mRNA from the signature were excluded.
The GBM molecular subtype was determined using
the gene sets provided in the GSEA webpage
(http://software.broadinstitute.org/gsea) corresponding
to the TCGA 2010 signatures (Verhaak et al., 2010). A
newer (2016) set of signatures was reported by TCGA
for IDH wild-type GBMs, where the neural subtype
was eliminated (Ceccarelli et al., 2016).

2.8. TCGA datasets for gliomas

CEL files from GBM microarrays (GeneChip® HT
Human Genome U133 Array Plate Set; Affymetrix,
Santa Clara, CA, USA) were obtained from TCGA
portal (https://portal.gdc.cancer.gov/) and processed
using the Arry (Gautier er al., 2004) package in R.
Arrays were normalized and summarized by robust
multi-array average (RMA), and the ComBat algo-
rithm was used to remove batch effects (batch infor-
mation was obtained from the TCGA batch effects
website: https://bioinformatics.mdanderson.org/tcga
mbatch/). Only batch effects for batches 1 and 79
were adjusted. GBMs from the same patients were
averaged. Present/absent calls were obtained by the
masScalls function, and probes classified as absent for
all the samples were filtered out. The data were anno-
tated according to the HTHGU133A.DB package for r.
Only probes with a corresponding RefSeq ID for pro-
tein (‘NP’) were kept, and probes for the same gene
were collapsed (based on max intensity) using the
WGCNA package. A total of 527 GBM samples were
included in the analysis. For the analysis of the
RSK1 signature among different grade gliomas,
RNA-seq data from the TCGA portal (https://portal.
gdc.cancer.gov/) were obtained for LGG (grades II
and IIl) and grade IV (GBM). The data were anno-
tated according to the ORG.HS.EG.DB package for R.
Only probes with a corresponding RefSeq ID for pro-
tein (‘NP’) were kept, and reads for the same gene
were collapsed (based on max intensity) using the
WwGCNA package. We kept mRNAs with a maximum
of 16 samples with 0 counts to maintain the RSKI1
signature genes. The data were normalized by
‘Trimmed Mean of M-values’ from the EDGER
(Robinson et al., 2009) package and voom trans-
formed (LiMmmA package) before analysis. The number
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of samples of the dataset was as follows: grade
IT = 216; grade III = 237; and GBM = 137. Normal-
ized level 4 data from the reverse-phase protein array
(RPPA) technique were downloaded from The Cancer
Proteome Atlas (TCPA, https://tcpaportal.org/tcpa/in
dex.html) for GBM. A total of 175 samples with cor-
responding RPPA and microarray data were used.
For the analysis of P(T359/S363)-RSK1 and RSK1/2/
3 in gliomas of different grades, we used normalized
level 4 data from the pan-cancer study. The number
of samples of the dataset was as follows: grade
IT = 123; grade III = 134; and GBM = 171.

2.9. Gravendeel dataset for gliomas

CEL files from microarrays (GeneChip™ Human Gen-
ome U133 Plus 2.0 Array; Affymetrix) associated with
the study from Gravendeel et al. were obtained
(GSEI16011) and processed using the AFry package in
R. Only primary samples were analyzed. Arrays were
normalized and summarized by RMA, and the Com-
Bat algorithm was used to remove batch effects. Pre-
sent/absent calls were obtained by the masScalls
function, and probes classified as absent for all the
samples were filtered out. The data were annotated
according to the HGU133pLus2.DB package in R. Only
probes with a corresponding RefSeq ID for protein
(‘NP’) were kept, and probes for the same gene were
collapsed (based on max intensity) using the WGCNA
package. The dataset contains nontumor (NT) =8,
grade =28, grade II =24, grade III =85, and
GBM = 152.

2.10. Overall patient survival analysis

Survival for ACCCC cohort was calculated using the
date of the surgery as initial time, due to the lack of
the date of image diagnostic for some of the samples.
For the Recife cohort, consisting of recent cases, the
image diagnosis date was available and used as initial
time for survival calculation. The analysis and survival
curves were performed using SURVMINER and SURVIVAL
packages in R. We used the overall survival data for
the definition of high- and low-expression groups (or
enriched and underrepresented RSKI1 signature
groups). For RSK1 in the ACCCC, its expression
levels (HSCORE) were analyzed regarding survival.
Two cutoffs that minimized the P-value of a Fisher’s
exact test were set: one dividing the samples in RSK 1"
and RSK1'°, and the other in short and long survivors
(Fig. 2A, Fig 3A). The latter corresponded to the long-
est survival time of the RSK 1™ group. For the remain-
ing markers, including RSK1 in the Recife cohort, we

Characterizing gliomas with high RSK1 expression levels

determined the log-rank test P-values for all the sets
of two groups that can be formed according to expres-
sion (or signature enrichment) levels, where all the
expression levels of the low-expression group are smal-
ler than those of the high-expression group. Then, the
distribution of samples that allowed lowest P-values
while equilibrating the number of members in each
group and maximizing the median-average survival dif-
ferences was chosen. The separation of groups is indi-
cated with a vertical line in the graphs of expression
(or RSK1 signature enrichment) vs. survival. To calcu-
late the Fisher’s exact test for markers of the ACCCC
and Recife cohorts, the survival time cutoff was set to
the longest survival time of the RSK1" group. For the
TCGA and Gravendeel cohorts, after the determina-
tion of the signature enrichment cutoff, the survival
time limit was set as the one minimizing the P-value of
a Fisher’s exact test. The censored samples below the
survival time cutoff were not considered for the Fish-
er’s exact tests.

2.11. Statistical analysis

Kruskal-Wallis test followed by Dunn’s multiple com-
parison test was applied using the DUNN.TEST package
in R. Univariate survival analyses were performed
using the Kaplan—Meier estimator and the log-rank
test (P-values are indicated in the plots), and median
survival is shown in Table S2. Multivariate Cox regres-
sion analysis was performed with the surRvivaL package
for r. In cases where proportional Hazards could not
be assumed for a covariate (tested by the cox.zph func-
tion), univariate analysis was performed after stratifi-
cation by that same covariate. Fisher’s exact test was
used for significance testing in experiments with a
2 x 2 contingency table (P-values are indicated in the
graphs). Pearson’s and Spearman’s coefficients for cor-
relations are indicated in the graphs along with the P-
values in parentheses. Values of P < 0.05 were consid-
ered significant. All statistical analysis was performed
in RSTUDIO With R version 3.5.1.

2.12. Graphics

Graphs were assembled using the GGpLoT2 package in
RSTUDIO with R version 3.5.1. For unsupervised hierar-
chical clustering, we used Pearson’s distance and aver-
age linkage. The dendrogram was optimized with the
DENDEXTEND package (Galili, 2015). The heatmap.2
function in R was used to generate the DEG heatmap.
Default options were used for clustering. Appendix S1
includes additional information of R packages used in
this article.
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3. Results

3.1. RSK1, but not RSK2 or RSK3, protein levels
are higher in grade IV gliomas

RSK1 protein levels were evaluated by IHC in a TMA
containing NB and grade I-IV astrocytomas from the
ACCCC. While the median RSK1 protein expression
was higher in GBM (grade IV) cases than the median
of NB and LGG (grades I-IIT) cases (Fig. 1A,
Fig. S1A), only about half of GBMs showed higher
RSK1 levels than NB and LGG. The other half of
GBMs expressed RSK1 at levels comparable to the rest
of the gliomas. A different subset of gliomas was tested
for RSK1 protein by western blot showing an expres-
sion pattern compatible with the result of the TMA
(Fig. S2A). On the other hand, RSK2 protein expres-
sion did not differ significantly among NB and the var-
ious grades of gliomas, showing overlapping
distributions of intensities (Fig. 1B, Fig. S1B). While
some samples present very low or undetectable levels of
RSK1, RSK2 can be easily detected in low-expressing
samples even by western blot (Fig. S2B). RSK3 isoform
levels were very low when compared to RSKI1 and
RSK2, and GBMs show lower RSK3 levels than NB
and LGG (Fig. 1C, Fig. S1C). Detection of RSK3 in
gliomas by western blot required very long exposure
times (Fig. S2C) and is consistent with the apparent
lack of RSK3 expression in GBM cell lines (Roffé
et al., 2015). We were not able to detect RSK4 in both
gliomas (Fig. S2C) and GBM cell lines (Roffé et al.,
2015) by western blot. The IDH1 mutation occurs fre-
quently in grade II and III gliomas, and indeed, when
considering only the samples positive for IDH1R!32H
(Fig. S1E), the median RSK1 levels were also higher in
GBMs than in LGG (Fig. 1D). Also in IDH1 mutant
samples, the levels of RSK2 and RSK3 were compara-
ble between the grades (Fig. 1E,F). This strongly sug-
gests that increase in the RSK1 isoform can also occur
during progression of secondary GBMs.

We included in our analysis an antibody originally
raised to detect RSK1 when it is phosphorylated at
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S380 (Fig. SI1D, Fig. S2B). It can also detect RSK2
and RSK3 when phosphorylated at a homologous ser-
ine (according to the vendor; Cell Signaling). This
phosphorylation is necessary for RSK activation
(Anjum and Blenis, 2008). Median levels of RSK
phosphorylation (S380) did not differ significantly
among NB and the various grades of gliomas
(Fig. 1G,H). However, high levels of P(S380)-RSK
were detected in a subgroup of GBMs, consistent with
the high levels of RSK1 observed. In addition, we
evaluated P(T359/S363)-RSK1 levels, also required for
activation (Anjum and Blenis, 2008), in grade II-IV
gliomas using the RPPA data from TCGA (Brennan
et al., 2013). According to Cell Signaling, the P(T359/
S363)-RSK1 antibody (#9344) does not cross-react
with RSK2 but can show some reaction with RSK3.
Our analysis revealed increased levels of P(T359/S363)-
RSK1 in GBMs (Fig. 1I). Since RSK3 is essentially
absent, we can confirm that RSKI1 activation is aug-
mented in GBMs. In conclusion, increased RSK1
expression and activation is a feature that appears in a
subgroup of GBMs.

The ACCCC cohort included three cases of recur-
rence with matched LGG and GBM samples. RSK1
expression levels increased after the recurrence in all
the cases (Fig. 1J,K); however, RSK2, RSK3, and P
(S380)-RSK  levels did not (Fig. 1L-N). Altogether,
these observations suggest that an isoform-specific
RSKI1 increase can occur during the progression of
gliomas from low to high grade.

3.2. High RSK1 and RSK2 protein levels in GBM
are associated with worse survival

RSK1 and RSK2 levels were analyzed relative to sur-
vival outcomes in GBMs. We found that the 26 (34.2%)
GBMs expressing the highest levels of RSK1 did not
survive more than 1.8 years (horizontal line in Fig. 2A,
B), and named this group RSK 1", The remaining 2/3 of
GBMs (named RSK 1" group) included 14/50 cases with
survival times longer than 1.8 years, seven of them
being very long survivors (> 3 years). IDHI®!32H

Fig. 1. Expression of RSK isoforms in gliomas of different grades and recurrence. (A) RSK1, (B) RSK2, and (C) RSK3 protein levels and (G) P
(S380)-RSK levels in astrocytomas and nontumoral brain (NB) from the ACCCC cohort are expressed as HSCORE. The dashed line indicates
the 3rd quartile for all the samples. (D) RSK1, (E) RSK2, and (F) RSK3 protein levels and (H) P(S380)-RSK levels in samples bearing
IDH1R"32H mutation. The wild-type samples (empty circles) were not considered for statistics calculation. (I) Analysis of RPPA data (TCGA)
for P(T359/S363)-RSK1 antibody in LGG (grades Il and Ill) and GBM (grade V). P(T359/S363)-RSK1 levels were compared for grade Il, grade
IIl, and grade IV (GBM). The number of samples in each grade is indicated in parentheses. (J) IHC reactions for RSK1 in matched samples
of LGG and the corresponding GBM recurrence from three different patients. The grade for the corresponding LGG is indicated. Scale bars:
50 um. (K-N) Quantification of (K) RSK1, (L) RSK2, and (M) RSK3 protein levels and (N) P(S380)-RSK levels for the cases shown in (J). The
P-value for a paired sample t-test is indicated.
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Fig. 2. Expression of RSK isoforms in GBMs and their relationship with survival and phosphorylation. Graphs for (A) RSK1 and (C) RSK2
protein levels relative to survival in GBMs. Colors indicate whether the samples belong to RSK1" or RSK1'° groups; nd = not determined.
The vertical line indicates the cutoff for high- and low-expression groups. The horizontal line indicates the longest survival time for RSK1™.
The P-value of the Fisher's exact test was calculated based on the four groups generated by the vertical and horizontal lines and is
indicated. Status: 1 = dead; 0 = censored. (B,D) Overall survival plots comparing (B) RSK1" and RSK1'° and (D) RSK2"" and RSK2'° groups.
Sample number is indicated in parentheses. Proportional Hazards cannot be assumed for RSK1, and thus, the P-value was not calculated in
(B). (E) Correlation between RSK1 and RSK2 protein expression in GBMs. The cutoff for high- and low-expression groups is indicated by a
vertical line for RSK1 and a horizontal line for RSK2. The number of samples in each quadrant and the P-value for the Fisher's exact test are
indicated. (F,G) P(S380)-RSK levels for (F) RSK1™ and RSK1'® groups, and (G) RSK2" and RSK2'° groups. The P-value for the Mann-Whitney
test is indicated. The number of samples in each group is indicated in parentheses. (H) Samples were classified in P(S380)-RSK™ (purple)
and P(S380)-RSK" (white) and indicated in a graph of RSK1 vs. RSK2 protein expression. The cutoff for the separation in high- and low-
expression groups is indicated by a vertical line for RSK1 and a horizontal line for RSK2. The number of P(S380)-RSK™ samples/total number
of samples is indicated in each quadrant. The P-value for chi-square test is indicated. (I) P(S380)-RSK levels for RSK1'>-RSK2'°, RSK1M-

RSK2"°, RSK1'*-RSK2", and RSK1"-RSK2" GBMs. The number of samples in each group is indicated in parentheses.

GBMs were present in the RSKI™ group, suggesting
that secondary GBMs can also express high RSK1 levels
(Fig. S3A). The 29 GBMs expressing the highest RSK2
levels showed significantly worse survival than the
remaining 44 (vertical line separates RSK2 groups in
Fig. 2C,D). In contrast to RSK1™ group (Fig. 2A), two
of the 11 GBMs expressing the highest RSK2 levels
showed survival > 1.8 years. Although not significant,
we observed that while 10/40 (25%) of RSK2" GBMs
were IDHIR'3H only 2/29 (6.9%) of RSK2"M were
IDHIRB (Ppiger = 0.0604; Fig. S3B). There was no
correlation between RSK1 and RSK2 expression in
GBMs, and while 16/29 (55.2%) of RSK2" GBMs
belong to RSKI™ group, 16/26 (61.5%) of RSKI1M
GBMs belong to RSK2M group (Fig. 2E). We could not
apply a multivariate Cox analysis for RSK2 and RSK 1
groups as covariates because it was not possible to
assume proportional Hazards for RSK1 (P = 0.0101 for
cox.zph function). However, RSK2 remained a signifi-
cant predictor after stratification by RSKI1 groups
(Fig. S4A). Multivariate cox analysis indicated that
RSK2 was an independent prognostic factor when
adjusted for IDH1R'3*" status (Fig. S4B) or chemother-
apy (CTx), when the latter analysis was performed strat-
ifying by radiotherapy (RTx; Fig. S4C). In conclusion,
for this cohort, high levels of RSK1 were associated
with the absence of long survivors and RSK2 was an
independent predictor of poor survival.

P(S380)-RSK levels were higher in RSK1™ group
(median = 21.74) than in RSKI' (median = 9.81,
P =0.00067; Fig. 2F). Although less significant, P
(S380)-RSK levels were also higher in RSK2" group
(median = 19.15) than in RSK2'° (median = 11.84,
P =0.0231; Fig. 2G). For P(S380)-RSK, we defined a
group of 28/74 GBMs showing the highest phosphoryla-
tion levels while resulting in the lowest P-value for the
Fisher’s exact test when considering 1.8 years as the
limit for long and short survivors (vertical and

horizontal lines in Figs S5A,B and S3C). 16/26 (61.5%)
of RSK1M GBMs were also P(S380)-RSK™, but only
10/47 (21.2%) of P(S380)-RSK'® GBMs were RSK1"
(Fig. S5C). On the other hand, 15/29 (51.7%) of RSK2"
GBMs were also P(S380)-RSK™ and 14/45 (31.1%) of P
(S380)-RSK'® GBMs were RSK2" (Fig. S5D). Interest-
ingly, 12/15 (80%) GBMs belonging to both RSK1™
and RSK2™ groups at the same time (RSK1™M-RSK2")
were P(S380)-RSK™, in contrast to the representation of
P(S380)-RSK™ GBMs in RSKIM-RSK2° (3/10 or
30%), RSK1'-RSK2™ (2/13 or 15.4%), and RSKI'"°-
RSK2"° (8/32 or 25%; Fig. 2H) subgroups. In fact, the P
(S380)-RSK levels were significantly higher for RSK 1"-
RSK2"™ GBMs than for RSK1'°-RSK2' and RSK1'-
RSK2" (Fig. 2I). As mentioned above, P(T359/S363)-
RSK1 levels (RPPA experiment—TCGA) in GBMs can
be considered a measure of RSK1 activation. Accord-
ingly, higher levels of P(T359/S363)-RSK1 were associ-
ated with a lower proportion of long survivors in GBMs
from the TCGA cohort (Fig. SS5E,F). In conclusion,
high P(S380)-RSK levels (i.e., RSK activation) in GBMs
were associated with high levels of both RSKI1 and
RSK2; however, the contribution of RSK1 was more
important.

3.3. Transcriptomic characterization of RSK1"
glioblastomas

Since the RSK1™ group is composed of tumors that
gained a new feature (high expression of RSK1), we
further characterized their transcriptome. We per-
formed both THC for RSK1 and microarray analysis
in FFPE sections of 30 GBM cases. Twenty-two of
these samples were originally included in the TMA,
and 8 were new samples (Table S1). As expected from
the results of the TMA (Fig. 2A), we defined a RSK 1™
group consisting of 10/30 (30%) of the cases where
none of the patients exceeded a survival time of
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Fig. 3. RSK1-associated transcriptome in GBMs. (A) RSK1 protein levels (HSCORE) for 30 GBM samples (ACCCC) relative to patient
survival. The horizontal line indicates the longest survival time for RSK1™ group. The P-value of the Fisher's exact test was calculated based
on the four groups generated by the vertical and horizontal lines and is indicated. Status: 1 = dead; 0 = censored. (B) Comparison of protein
and mRNA (microarray) RSK1 levels. (C) Relationship among RSK1 mRNA levels and survival. Colors indicate whether the samples belong
to RSK1M or RSK1' groups. RSK1"M" and RSK1'°" samples showed ambiguity between RSK1 protein levels and transcription program. The
vertical line indicates the cutoff for high- and low-expression groups, and the horizontal line indicates the longest survival time for RSK1M
group. The P-value of the Fisher's exact test was calculated based on the four groups generated by the vertical and horizontal lines and is
indicated. Status: 1 = dead; 0 = censored. (D) Unsupervised hierarchical clustering based on the transcriptome of the GBM samples. (E)
Heatmap showing the DEGs between RSK1" and RSK1' groups (FDR < 0.015 and [logFC| > 0.89). Clustering was performed using the
DEGs. (F, G) The GSVA score indicating enrichment for each subtype is shown in (F) for TCGA 2010 and (G) TCGA 2016 signatures. CL,
classical; ME, mesenchymal; NL, neural; nd: not determined; PN, proneural.
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Fig. 4. RSK1 protein expression is associated with immune infiltrate in GBMs. (A) Biological processes enriched in RSK1™ and RSK1' groups,
obtained with the cosTaTs package. For this graph, biological processes with sizes of more than 500 or less than five genes were excluded. (B—
D) Relationship between RSK1 protein expression (HSCORE) and (B) nontumor fraction, (C) immune component, and (D) stromal component of
GBMs. The estimaTE package was used. (E-N) The fraction of immune-related cells for each GBM was estimated by CIBERSORT using the
LM22 signature. The immune cell types and their correlation with RSK1 protein expression are shown. Samples G10 and G24 are labeled in J.

1.7 years (Fig. 3A, Fig. S6A). The mRNA levels for allowed the separation in two groups with different
RSK1 obtained from the microarray correlated with overall survival; however, it did not 'allow for the
protein levels (Fig. 3B). RSK1 mRNA expression determination of an RSKI-mRNAM group that
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excluded long survivors (Fig. 3C, Fig. S6B). The tran-
scriptome data were used to perform an unsupervised
hierarchical clustering (Fig. 3D) which revealed that
RSK 1" GBMs clustered together, reinforcing that high
levels of RSK1 are indeed associated with a distinctive
characteristic. Using two different sets of molecular
classification signatures from TCGA (2010 and 2016),
we observed that most of the RSK 1" GBMs were clas-
sified as mesenchymal, but not all the mesenchymal
GBMs were RSKI™ (Fig. 3D). DEGs between the
RSK 1M and RSK1' groups were identified using the
LIMMA package in R (Table S3) (Ritchie et al., 2015).
One RSKI1"™ GBM that clustered with the RSKI'"
cases (RSK1™") and one RSK1'© GBM that clustered
with the RSK1" cases (RSK1'°") were excluded from
the analysis of DEGs due to their ambiguity. In
Fig. 3E, DEGs are shown in a heatmap and it is evi-
dent that the RSK1' group could be further divided
in two subclusters. Scores representing the enrichment
of TCGA signatures for each subtype (GSVA scores)
demonstrate that all of the RSKI1™ samples show a
mesenchymal enrichment, even if the final classification
differs, and the proneural signature is essentially
absent (Fig. 3F,G).

3.4. Evidence of immune infiltration in RSK1"
glioblastomas

We evaluated the biological processes associated with
the RSK1" and RSK1' groups using the DEGs as
input for the GosTAaTs package (Table S4) (Falcon and
Gentleman, 2007). While the RSKI1™ group showed
enrichment in immune-associated processes, RSK1'
GBMs showed enrichment in processes of the nervous
system (Fig. 4A). We next applied the ESTIMATE algo-
rithm to estimate the nontumoral fraction of GBMs
based on transcriptome data. Strikingly, RSK1 protein
levels strongly correlated with the presence of nontumor
components (Fig. 4B), being mainly composed of
immune infiltrate (Fig. 4C). Of note, only 5/30 GBMs
showed a positive score for stromal component
(Fig. 4D). We performed a CIBERSORT analysis using
the gene signature of 22 immune cell types (LM22)
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(Newman et al., 2015). The relative immune cell compo-
sition was corrected by the fraction of nontumor com-
ponent from the ESTIMATE package to calculate the
contribution of each cell type to the tumor (Fig. 4E-N,
Fig. S7). RSK1 protein expression was strongly corre-
lated with the percent of activated natural killer (NK)
cells (Fig. 4E). Other cell types that were found to corre-
late with RSK1 levels were macrophage M2 (Fig. 4G),
neutrophils (Fig. 4I), resting-memory CD4 T cells
(Fig. 4]), eosinophils (Fig. 4K), CD8 T cells (Fig. 4L),
and activated mast cells (Fig. 4M). Two samples, G24
(RSK1"°%) and G10 (Fig. 3D), showed an exaggerated
enrichment in resting-memory CD4 T cells pointing to
mesenchymal GBMs with a different type of infiltrate
(Fig. 4J). Essentially, no immune cell type was enriched
in the RSK1'° group.

3.5. RSK1 protein levels associate with LAPTM5
expression and CD68" infiltrate

An independent cohort of GBMs was included to con-
firm our observations (Recife cohort, Table S1). IHC
for RSK1 (Fig. S8A) resulted in the same distribution
regarding survival that we observed in the ACCCC
cohort (compare Fig. 5A with Fig. 2A), suggesting the
existence of three populations: (a) high RSK1 levels/
short survival; (b) low RSK1 levels/short survival; and
(c) low RSK1 levels/long survival. This casuistry showed
a reduced proportion of short survivor cases in the
RSK 1" group when compared to the ACCCC cohort,
and we could assume proportional Hazards. Thus, we
defined an RSK1"™ group (24/47 cases) that excluded
long survivors and showed worse survival than the
RSK1' group (23/47 cases, Fig. 5B). The mRNA for
LAPTMS belongs to TCGA 2010 mesenchymal signa-
ture (Verhaak et al., 2010), and its function was related
to the immune system (Glowacka et al., 2012; Ouchida
et al., 2010; Ouchida et al., 2008). Since most RSK 1M
GBMs show mesenchymal signature enrichment, we
decided to analyze LAPTMS5 protein levels by THC
(Fig. S8B). We defined two groups according to
LAPTMS5 expression, where LAPTM 5" GBMs showed
worse survival; however, not all the long survivors were

Fig. 5. RSK1 protein expression is associated with LAPTM5 and CD68 expression in GBMs. Protein levels for (A) RSK1 (HSCORE), (C)
LAPTM5 (HSCORE), and (E) CD68 (% of labeled area) from the Recife cohort are shown relative to patient survival. Colors indicate whether
the samples belong to RSK1" or RSK1' groups. The vertical line indicates the cutoff for high- and low-expression groups, and the horizontal
line indicates the longest survival time for RSK1™ group. The P-value for the Fisher's exact test was calculated based on the four groups
generated by the vertical and horizontal lines and is indicated. Status: 1 = dead; 0 = censored. (B, D, F) Overall survival plots comparing (B)
RSK1M and RSK1'°, (D) LAPTM5" and LAPTMS5', and (F) CD68™ and CD68' groups. The number of samples is indicated in parentheses. (G)
Multiplex immunohistofluorescence detection of RSK1, LAPTMS, and nuclei labeling (DRAQS5) in RSK1" GBM tissue. Scale bars: 25 um. (H)
Multiplex immunohistofluorescence detection of RSK1, CD68, and nuclei labeling (DRAQ5) in RSKM GBM tissue. Arrowhead points to a
CD68 RSK1* cell. Arrow points to a CD68* RSK1* cell. Scale bars: 50 pm.
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excluded from this group (Fig. 5C,D). Although RSK1
and LAPTMS levels were highly correlated, we found a
fraction (8/25; 32%) of RSKI™ GBMs being
LAPTM5'" (Fig. S8D), reinforcing our suggestion that
not all RSK1" GBMs are mesenchymal. CD68 is con-
sidered a macrophage marker that in gliomas is mainly
derived from M2 macrophages (Prosniak et al., 2013).
However, CD68 can be expressed in other cell types
(Gottfried et al., 2008). We defined two groups accord-
ing to CD68 expression (Fig. S8C), where CD68M
GBMs showed worse survival (Fig. SE,F). CD68 was
also highly correlated with RSK1 levels and to a lesser
degree with LAPTMS5 (Fig. S8E,F). Alike the ACCCC
cohort, IDHI mutation was present in RSK1" GBMs
(Fig. S9A) as well as in the LAPTM5" and CD68"
groups (Fig. S9B,C), suggesting that secondary GBMs
can also express these markers. RSK1 expression levels
remained an independent prognostic marker when
adjusted for LAPTMS5 or CD68 in a multivariate Cox
analysis (Fig. S9D,E). RSK1 was also independent of
RTx and CTx, which are known prognostic covariates
for GBMs (Fig. S9F). One important question is
whether immune infiltrate cells can contribute to RSK1
gain in GBMs. Double labeling for RSK1 and
LAPTMS5 in GBM tissues revealed widespread RSKI1
labeling where most RSK 1" cells were also LAPTMS5"*
(Fig. 5G). In the case of CD68, RSK1" cells included
both CD68" and CD68" (Fig. 5H, Fig. S10). This sug-
gests that RSK1 gain can originate from both immune
and GBM cells.

3.6. Validation of a RSK1 signature to explore
datasets of glioblastomas

A second round of LiMMA analysis with the previously
determined DEGs for RSKI1 groups (Fig. 3E) and
including RSK1™* and RSKI1'" samples was run to
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select a subpopulation of DEGs that better relates
with the RSK1 protein levels. We evaluated the enrich-
ment of subsets of upregulated mRNAs (logFC > 1.12,
FDR < 0.022) in the 30 GBM samples and obtained a
signature that allowed the separation between RSK 1M
GBMs and long survivors (belonging to RSKI'
group) using transcriptomic data (Fig. 6A,B). This
RSKI1 signature allowed for the reclassification of sam-
ples from the RSKI1' group with RSKI protein
expression levels close to the cutoff (Fig. 6B). Accord-
ingly, the survival of GBMs with higher GSVA scores,
which indicates the signature enrichment, was signifi-
cantly worse than GBMs with low GSVA score (com-
pare Fig. 6C with Fig. S6A). The GSVA score was
linearly related to RSK1 protein levels obtained by
IHC (Fig. 6D) and, as expected, correlated to a lesser
degree with RSK1 mRNA levels (Fig. 6E). From the
547 genes of the LM22 signature, 4 were present in the
RSK1 signature, including CD68. From the 50 genes
in TCGA 2016 mesenchymal signature, only THBSI
was present in the RSKI signature. From the 216
genes in TCGA 2010 mesenchymal signature, six were
present in the RSKI1 signature, including LAPTMS5
and THBSI. CHI3LI was present in both LM22 and
TCGA 2010 mesenchymal signatures (Fig. 6A).

Using the RSK1 signature, we explored two differ-
ent previously published mRNA expression datasets of
GBMs: TCGA (Brennan et al., 2013; McLendon et al.,
2008; Verhaak et al., 2010) and Gravendeel (Graven-
deel et al., 2009). The RSK1 signature (signRSK1) cor-
related with RSK1 mRNA levels in both datasets
(Fig. 6F,G). Furthermore, the GBMs with higher
GSVA scores showed worse survival (Fig. 6H,I) and
long and very long survivors were underrepresented in
the signRSK1°™"d group. In the case of the Graven-
deel dataset, cases with IDHI mutation were present
in GBMs with higher GSVA scores, but in a low

Fig. 6. RSK1 signature can infer RSK1 levels from GBM transcriptome data. (A) The 33 genes of the RSK1 signature. Genes for which the
RSK1 signature is shared by the mesenchymal subtype signature from TCGA (2010 and 2016) and/or LM22 signatures are indicated. (B)
Relationship between GSVA scores for the RSK1 signature and patient survival. Colors indicate whether the samples belong to RSK1™ or
RSK1'° groups defined in Fig. 2A. The vertical line indicates the separation of GBMs with GSVA score > —0.05 (signRSK1°eMMed) angd
< —0.05 (signRSK1underrepresented) a0 the horizontal line indicates the longest survival time for RSK1™ group. The P-value of the Fisher's
exact test was calculated based on the four groups generated by the vertical and horizontal lines and is indicated. (C) Overall survival plot
comparing signRSK1e™ehed and signRSK1underrepresented gr6ns. The number of samples is indicated in parentheses. (D) RSK1 protein
(HSCORE) and (E) RSK1T mRNA (microarray) levels correlate with GSVA scores for RSK1 signature in the 30 GBM originally used to obtain
the signature (ACCCC). (F, G) The RSK1 signature correlates with RSK1 mRNA levels from two public cohorts: (F) Gravendeel and (G)
TCGA. The dashed line indicates the GSVA score cutoff for the survival curve in H and I. (H,I) Overall survival plots for (H) Gravendeel and
(I) TCGA. The number of samples is indicated in parentheses. (J,K) Relationship between GSVA scores for the RSK1 signature and patient
survival in (J) Gravendeel and (K) TCGA cohorts. The vertical line indicates the cutoff for signRSK1°™"ed and signRSK1underrepresented grqns,
and the horizontal line indicates the cutoff for long and short survival times. The P-value of the Fisher's exact test was calculated based on
the four groups generated by the vertical and horizontal lines and is indicated along with the number of samples in each quadrant (censored
samples below the survival time cutoff were not included). Status: 1 = dead; 0 = censored.
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proportion (Fig. S11A), resembling what we observed
in the ACCCC (Fig. S3A) and Recife cohorts
(Fig. S9A). However, in TCGA dataset, cases with
IDH1 mutation were underrepresented in GBMs with
higher GSVA scores (Fig. S11B). This apparent dis-
crepancy can be the result of the selection of primary
GBMs by the TCGA making IDH1 mutation infre-
quent in this cohort (Brennan et al., 2013). We
observed that G-CIMP GBMs (hypermethylator phe-
notype) were less frequent in the signRSK]eriched
group of GBMs in both datasets (Fig. S11C,D).

3.7. The RSK1 signature can determine poor
survival even in low-grade gliomas

We further validated our RSK1 signature in LGG and
GBM together. RSK1 signature was enriched in
GBMs when compared to LGG from TCGA
(Fig. 7A). With the Gravendeel dataset, we further
demonstrated that the RSK1 signature was enriched in
GBMs when compared with NB (Fig. 7B). Thus, the
RSK1 signature recapitulated the IHC results obtained
with the RSK1 antibody (Fig. 1A). Accordingly, in
both datasets we observed that RSK1 mRNA levels
behaved in the same direction as the RSKI1 signature
(Fig. 7C,D). We also analyzed the enrichment of
RSK1 signature within grade IT or grade III gliomas.
In both datasets, signRSK 1" grade III gliomas
showed poor survival (Fig. 7E,F). The same was found
for grade II gliomas from TCGA (Fig. 7G). We could
not apply this analysis to the grade II gliomas from
Gravendeel dataset due to an insufficient number of
samples. These observations suggest that the RSKI
signature can predict RSK1-associated events even in
LGG.

4. Discussion

Our data demonstrate that RSK1 protein levels above
those expressed in nontumoral brain define a set of
GBMs with clear features. Most of the RSK 1™ GBMs
were classified as part of the mesenchymal subtype
based on TCGA signatures, which indicates that there
exists an RSK-isoform preference that accompanies a
specific gene expression program. Since high levels of
RSK1 are practically absent from gliomas of lower
grade, RSK1 increase can be considered a hallmark of
the more malignant GBMs. This proposal is further
supported by the exclusion of long and very long sur-
vivors from the RSK1™ group. Although IDH mutant
cases can be found in the RSK1" group, it is evident
that the RSK1" group is mainly composed of IDH
wild-type and non-G-CIMP GBMs. Furthermore, the
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great majority of grade II and IIT gliomas, where IDH
mutation is prevalent, did not show high levels of
RSKI1.

One of the main findings of our work was the close
relationship between RSKI1 protein expression and
immune infiltrate. It was previously observed using the
same set of 22 signatures for immune cell types, LM22
(Newman et al., 2015), that mesenchymal subtype
GBMs showed enrichment in M2 macrophages, neu-
trophils, and resting-memory CD4 T-cell infiltrate
(Wang et al., 2017). Accordingly, we also observed a
correlation of those cell types with RSKI1 protein
levels; however, the most correlated type was activated
NK cells. This suggests that RSK1-associated tumor
infiltration has a partial overlap with that observed in
the mesenchymal subtype. Confirming those observa-
tions, RSK1 protein levels highly correlated with the
presence of CD68 in an independent GBM cohort.
The presence of M2 macrophages is further indicated
by the increase in RSKI™ GBMs of CD163 mRNAs
(Table S3), a M2 macrophage marker (Zhou et al.,
2015). In view of these findings, a critical question was
raised on the origin of the high levels of RSKI1 that
appear in GBMs. Dual labeling of GBMs for RSK1
and CD68 showed that both CD68  (majority of cells)
and CDG68" cells within the tumor express RSKI,
which implies that RSK1 can indeed derive from both
tumor and immune infiltrate cells. Accordingly, RSK1
expression was detected in GBM-derived cell lines
(Roffé et al., 2015) and activated RSKI1 can be
observed in immune cells in vitro (Lin et al., 2008;
Zaru et al., 2007). A more detailed investigation at the
single cell level of GBMs, assaying different molecular
markers of immune cells, will help to define the origin
of RSK1. Immune system infiltration seems to play a
fundamental role in the aggressiveness of the gliomas,
and, accordingly, it has been proposed that a signature
composed of immune-related genes can predict the risk
of gliomas (Cheng et al., 2016). However, none of
those genes were included in our RSK1 signature. In
fact, the RSK1 signature that we used to infer RSK1
protein in datasets of GBM and LGG combines genes
associated with immune infiltrate, such as CD68, with
genes associated with mesenchymal subtype, such as
LAPTMS5. Nevertheless, only 10/33 genes in our signa-
ture were shared with the signatures used to predict
immune cell types and GBM subtypes. In this manner,
our work provides a different set of genes that can be
helpful for the analysis of novel features of gliomas.

From the markers identified in this study, we
observed that high protein levels of LAPTMS associate
with worse survival in GBMs. LAPTMS is a trans-
membrane receptor associated with lysosomes and can
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function as a modulator of the immune system. It has
been proposed that LAPTMS downregulates the
expression of T- and B-cell receptors at the plasma
membrane (Ouchida ez al., 2010; Ouchida et al., 2008).
In that manner, LAPTMS5 might be a mechanism used
by gliomas to negatively modulate the antitumoral
response of the immune system. LAPTMS has also
been shown to be a proinflammatory regulator of
macrophages (Glowacka et al., 2012). However, a
recent report suggested that LAPTMS is downregu-
lated in human cancers, such as neuroblastoma, and
that low levels of LAPTMS are associated with poor
prognosis (Nuylan ez al., 2016). Our data suggest that
LAPTMS in GBMs show an opposite regulation to
what has been observed in other tumor types.

We did not find differences in RSK2 expression
between NB and gliomas I-IV. This finding disagrees
with a previous report claiming that GBMs express
more RSK2 protein than normal brain (Mathew et al.,
2015). However, our conclusions are based on the
expression levels of 189 samples, providing stronger
support than the previous report that included two
images, one for NB and one for GBM, with no further
analysis. In the GBMs from our study, RSK2 protein
levels were associated with worse survival and this
might be related to its proposed role in migration/in-
vasion in GBM-derived cell lines (Sulzmaier et al.,
2016). It is important to note that about half of the
RSK2M GBMs were also RSK1M, which raises the
possibility that high levels of RSK1 can define a differ-
ent subset of GBMs, probably showing immune infil-
tration, even within the RSK2™ group.

We previously showed that RSK3 and RSK4 iso-
forms are not detectable in two GBM-derived cell lines
(Roffé et al., 2015). Accordingly, we did not detect
RSK4 isoform in glioma samples. RSK3 protein expres-
sion was low in gliomas, and the higher levels were
found in normal brain. In fact, GBMs show the lowest
expression of RSK3. Interestingly, it has been suggested
that both RSK3 and RSK4 can have tumor suppressor
roles (Romeo et al.,, 2012). TCGA RPPA data also
included an antibody that detects RSK1/2/3, and our
analysis indicated that GBMs show reduced RSK1/2/3
levels when compared to LGG (Fig. S12A). One possi-
bility is that RSK3 might be present in LGG and
reduced in GBMs as observed with the RSK3 antibody,
but without knowing the real contribution of each indi-
vidual isoform for the reactivity of RSK1/2/3 antibody
is impossible to derive any conclusions. Unlike RSK1
and RSK2, the RSK1/2/3 antibody showed no apparent
relationship with survival in GBMs (Fig. S12B).

The levels of P(S380)-RSK were higher in RSK1M
and, to a lesser extent, in RSK2" GBMs; however, the
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samples showing the highest phosphorylation levels
were those bearing high RSK1 and RSK2 expression
at the same time. This observation could be related to
the proposed cross-reactivity of the P(S380)-RSK with
P(S386)-RSK?2, which precludes the determination of
RSK activation at the isoform level. Analysis of the
RPPA data for P(T359/S363)-RSK 1 further confirmed
that, in GBMs, RSK1 increases not only in expression
but also in activity. In any case, our results point to
the necessity of analyzing the RSK family at an iso-
form-specific level.

Our results have important implications that can
eventually be translated to a clinical setting. RSK1
was the only RSK isoform that increased along with
the grade of the gliomas and after recurrence. This
strongly suggests that RSKI1 levels and activity
increase during glioma progression and might be
involved in this process. Since the increase in RSK1 is
accompanied by high levels of immune infiltration, its
kinase activity might play a role in immune system
modulation for GBM and LGG. Thus, RSK1 inhibi-
tion represents a promising goal for drug development
in targeted therapies. Moreover, RSK1 protein expres-
sion can be used as a molecular marker to define a
group of patients that almost certainly will have a
short survival. Since RSK1 appears to be enriched in
GBM but not NB, an appropriate NB control could
be used as a reference for IHC reactions. Moreover,
the RSK1 signature can be used not only in GBM but
also in LGG to predict cases with poor survival. While
RSK2 is expressed at comparable levels in NB and
gliomas I to IV, gain of RSKI1 is a feature that was
only observed in GBMs. From a therapeutic point of
view, RSKl-specific inhibition may prove useful for
targeting only GBM cells and not nontumoral cells in
RSK1" GBMs.

5. Conclusions

This study demonstrates that RSK1, but not RSK2 or
RSK3, expression and RSK1 activation increase dur-
ing glioma progression. Remarkably, long and very
long survivors are essentially absent from the RSK 1M
group. Although RSK2 protein expression do not
increase during glioma progression, high RSK2 levels
are associated with worse survival and RSK2 behaves
as an independent prognostic marker when adjusted
for IDH1 mutation status and treatment. Transcrip-
tome analysis indicated that RSK1™ GBMs express
mesenchymal subtype and immune infiltrate genes,
showing enrichment for activated NK and M2 macro-
phage genes, as well as high levels of CD68 protein.
An mRNA-based RSKI1 signature could be used to

176 Molecular Oncology 14 (2020) 159-179 © 2019 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.



G. N. Hajj et al.

infer RSK1 protein levels in other glioma datasets.
GBMs show enrichment in the RSK1 signature when
compared to NB or LGG, further confirming the
hypothesis that RSK1 expression might be gained dur-
ing glioma progression together with immune infiltra-
tion. The RSKI1 signature was related to worse
survival in both GBMs and LGG. Thus, our results
provide clinical and molecular basis to consider the
kinase RSK1 as a promising biomarker and therapeu-
tic target in gliomas.
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