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RSK1 and RSK2 serine/threonine
kinases regulate different
transcription programs in cancer

Won Seok Yang™, Maisel J. Caliva?, Vedbar S. Khadka?,
Maarit Tiirikainen?, Michelle L. Matter*!, Youping Deng? and
Joe W. Ramos™*!

Cancer Biology Program, University of Hawaii Cancer Center, University of Hawaii at Manoa,
Honolulu, HI, United States, *Department of Quantitative Health Sciences, John A. Burns School of
Medicine, University of Hawaii at Manoa, Honolulu, HI, United States

The 90kDa ribosomal S6 kinases (RSKs) are serine threonine kinases
comprising four isoforms. The isoforms can have overlapping functions in
regulation of migration, invasion, proliferation, survival, and transcription in
various cancer types. However, isoform specific differences in RSK1 versus
RSK2 functions in gene regulation are not yet defined. Here, we delineate
ribosomal S6 kinases isoform-specific transcriptional gene regulation by
comparing transcription programs in RSK1 and RSK2 knockout cells using
microarray analysis. Microarray analysis revealed significantly different mRNA
expression patterns between RSK1 knockout and RSK2 knockout cell lines.
Importantly some of these functions have not been previously recognized.
Our analysis revealed RSK1 has specific roles in cell adhesion, cell cycle
requlation and DNA replication and repair pathways, while RSK2 has
specific roles in the immune response and interferon signaling pathways.
We further validated that the identified gene sets significantly correlated with
MRNA datasets from cancer patients. We examined the functional
significance of the identified transcriptional programs using cell assays. In
alignment with the microarray analysis, we found that RSK1 modulates the
MRNA and protein expression of Fibronectinl, affecting cell adhesion and
CDK2, affecting S-phase arrest in the cell cycle, and impairing DNA replication
and repair. Under similar conditions, RSK2 showed increased
ISG15 transcriptional expression, affecting the immune response pathway
and cytokine expression. Collectively, our findings revealed the occurrence of
RSK1 and RSK2 specific transcriptional regulation, defining separate functions
of these closely related isoforms.
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Introduction

Transcription factors regulate gene expression by
modulating the synthesis of messenger RNA thereby
creating cell-specific gene expression patterns. They are
key regulators of proliferation, differentiation, survival,
motility, and apoptosis. Dysregulation of transcription
may lead to abnormal gene expression that promotes
tumor initiation and progression (Lee and Young, 2013;
Bradner et al, 2017). Extracellular signals, including
growth factors, hormones, cytokines, and environmental
stresses, elicit changes in gene expression to initiate
physiological responses (Whitmarsh, 2007). The most
common ways in which gene expression is controlled is by
phosphorylation and de-phosphorylation of transcription
regulators, which are mediated by specific protein kinases
and phosphatases (Hill and Treisman, 1995; Whitmarsh and
Davis, 2000).

Mitogen-activated  protein kinase (MAPK)
pathways alter the activity of transcription regulators by

signaling

controlling their expression, stability, localization and binding
affinity to target DNA or transcriptional complexes in cells
(Hazzalin and Mahadevan, 2002; Yang et al, 2003). The
90 kDa ribosomal S6 kinases (RSK) are downstream effectors
of the MAPK pathway and are directly activated by extracellular
signal-regulated kinases (ERK) 1 and 2. The RSK family of
proteins consists of four isoforms (RSK1-4) that share 73%-
80% amino acid identity with the most significant variations in
their N- and C-terminal sequences (Anjum and Blenis, 2008;
Romeo et al, 2012). RSKs consist of two kinase domains
connected by a linker region. The activation of RSKs requires
phosphorylation by both ERK and phosphoinositide-
(PDK1), followed by
phosphorylation of the N-terminal kinase domain (NTKD)

dependent  kinase 1 auto-
by the C-terminal kinase domain (CTKD). Upon activation
the RSKs regulate downstream targets through phosphorylation
by the NTKD (Sulzmaier and Ramos, 2013). mRNA expression
of RSKs1-4 is detectable in all human tissues; RSK4 has the
lowest expression and demonstrates tissue-specific variation in
expression levels suggesting isoform-specific function as well as
tissue-specific roles (Kohn et al., 2003; Dummler et al., 2005;
Wu et al,, 2009).

The RSK family contributes to diverse cellular processes
including cell growth, survival, and motility. RSK1 and
2 promote tumor growth, whereas RSKs 3 and 4 have tumor-
suppressive functions (Doehn et al, 2009; Romeo and Roux,
2011). For example, in melanomas, RSK1 promotes motility by
phosphorylating p27 Kip1 to induce cytoplasmic localization and
RhoA inhibition (Larrea et al, 2009). RSKI1 inhibits pro-
apoptotic activity by phosphorylating Bad, a member of the
Bcl2 family (Shimamura et al, 2000). RSK2 suppresses
integrin activation by phosphorylating Filamin A and
regulates RhoA GTPases to promote cell motility (Gawecka
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et al, 2012; Shi et al, 2018). Moreover shRNA-mediated
RSK2 knockdown in glioblastoma results in decreased cell
motility and invasion (Sulzmaier et al., 2016). RSK 3 induces
GI phase cell cycle arrest and apoptosis when overexpressed in
ovarian and breast cancer cells (Bignone et al., 2007). Lastly,
RSK4 negatively regulates breast cancer cell invasion through its
regulation of Claudin-2 and CXCR expression (Thakur et al,
2008).

RSK1 directly phosphorylates the serum response factors
(SRF) (Riveraetal., 1993), c-Fos (Chen et al., 1993) and Nur77
(Davis et al, 1993; Wingate et al., 2006) to regulate
Their the
degradation of IxBa/B, which leads to NF-«kB activation
(Ghoda et al., 1997; Schouten et al, 1997). RSK1 also
associates with and phosphorylates estrogen receptor o
(ERa) Ser167  which ERa-mediated
transcription (Joel et al., 1998; Yamnik and Holz, 2010).
RSK2 promotes c-Fos transcription by phosphorylating
both the EIk1/SRF complex and the cAMP response
element-binding protein (CREB) (De Cesare et al., 1998;
Bruning et al.,, 2000). RSK2 directly phosphorylates c-Fos,
thereby
D1 expression in the cell cycle (Chen et al., 1996; David
et al,, 2005). RSK1 can inhibit migration in lung cancer

transcription. phosphorylation ~ promotes

on increases

increasing its stability for regulating cyclin

cells through phosphorylation of the actin-binding protein
VASP, which leads to decreased metastatic behavior (Lara
et al,, 2011). A study using siRNA knockdown revealed that
RSK2, but not RSK1, controls adhesion and rearrangement of
the actin cytoskeleton to affect motility in head and neck
squamous cell carcinoma (HNSCC) (Kang et al., 2010). These
results indicate that further study is needed to understand the
mechanisms of action of the different RSK isoforms in cancer
biology.

We report that RSK1 and RSK2 have isoform-specific
transcriptional programs in glioblastoma (GBM)-derived cell
lines. Microarray analysis determined that RSK1 specifically
regulated gene expression related to the cell adhesion, cell cycle
and induced S phase arrest, whereas RSK2 modulated the
immune response, resulting in induced cytokine secretion.
Overall, our findings provide insight into the specific roles of
RSK isoforms in regulating gene transcription and subsequent
functional outcomes.

Materials and methods
Expression analysis of RSK1 and RSK2

GEPIA, a webserver that includes 9,736 tumors and
8,587 normal tissue samples from TCGA and GTEx
projects, was used to generate RSK1 and RSK2 expression
with the log-rank test in 4 different types of cancer (Tang et al.,
2017).
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Cell culture

Human glioblastoma-derived U251 MG cells were a gift from
Dr. Santosh Kesari (USCD School of Medicine, La Jolla, CA) and
were validated by STR analysis. Cells were cultured in DMEM
(Corning, MA) supplemented with 10% fetal bovine serum
(Seradigm, Cat 1500-500) and 1% Antibiotic-Antimycotic
(ThermoFisher Scientific, MA). Cells were incubated in a
humidified chamber containing 5% CO, at 37°C.

Construction of clustered regularly
interspaced short palindromic repeats
plasmid

For oligo design, the first 200 bp within the coding region of
each RSK was checked for homology within their isotypes as well
as localization in a single exon. 20 bp target guide RNA (gRNA)
sequences were designed using MIT’s CRISPR Design Tool
(http://www.crispr.mit.edu). Oligonucleotide pairs of gRNA
were annealed and subsequently inserted in lenti-CRISPR v2
(Sanjana et al., 2014) (a gift from Feng Zhang, Addgene #52961).
The gRNA pairs for RSK1 were 5'-CACCGAGCCTTGACGTGG
TGCGTGA-3" (fwd) and 5'-AAACTCAC GCACCACGTCAA
GGCTC-3" (rev); RSK2 were 5'-CACCGAAGATGCCGCTGG
CGCAGC-3" (fwd) and 5-AAACGCTGCGCCAGCGGCATC
TTC-3" (rev).

Generating clustered regularly
interspaced short palindromic repeats/
Cas9 knockout cell lines

For the generation of stable knockout cells, lentiviruses were
generated in HEK 293 T cells using the lentivirus packing system.
Packaging plasmid PMD2. G, PS PAX2 and lenti-CRISPR
v2 were transfected with Lipofectamine 3,000 (Thermofisher).
Following 48 h of lentivirus production, media was collected, cell
debris removed by centrifugation and filtered through a 0.45 um
filter. Lentiviral media was supplemented with polybrene (10 pg/
ml) and transduced to U251 cells in 6 well tissue culture dishes.
After 72 h puromycin selection was initiated by exchanging the
media with puromycin (4 pg/ml) containing media. Individual
cells were separated by limited dilution into 96 well plates and
resulting colonies were analyzed by Western blot to confirm
specific gene knockout.

Expression profiling by microarray chip
assay

Cells were seeded in 6 well tissue culture plates and serum
starved overnight prior to EGF (100 ng/ml) treatment for 5 h.
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Cells were washed with 1X cold PBS and collected for RNA
isolation. Processing of RNA samples (three biological replicates
from each knockout cell line) was performed at the Genomics
and Bioinformatics Shared Resource, University of Hawaii
Cancer Center, University of Hawaii. RNA sample integrity
was checked on an Agilent 2,100 Bioanalyzer using RNA
Nano chip. Samples were prepared for microarray
hybridization as described in the Thermo Fisher Scientific
GeneChip Whole
Double-stranded cDNA was generated from 100 ng of total
RNA. cRNA was synthesized using the WT ¢cDNA Synthesis
and Amplification Kit (Thermo Fisher Scientific). cRNA was
purified and reverse transcribed into single-stranded (ss)
DNA. DNA
glycosylase (UDG) and apurinic/apyrimidinic endonuclease
1 (APE 1) was used to fragment ssDNA, which was then
labeled with biotin (WT Terminal Labeling Kit, Thermo
Fisher Scientific). In a rotating chamber, 2.3 ug DNA were
hybridized to the Clariom S Human Array for 16 h at 45°C.
After washing and staining on an Affymetrix Fluidics Station
FS450 using pre-formulated solutions (Hyb, Wash & Stain Kit,
Thermo Fisher Scientific), hybridized arrays were scanned on
the Affymetrix GeneChip Array Scanner 3000-7G. The

expression intensity data was extracted from the scanned

Transcript (WT) Expression manual.

Subsequently a combination of uracil

images and stored as CEL files. Generated CEL files were
normalized using the SST-RMA-GENE-FULL algorithm in
the Transcriptome Analysis Console (TAC) 4.0 software.
Genes with fold change greater than 2 and (False Discovery
Rate) FDR adjusted p-value less than 0.05 were considered
differentially expressed. CEL files normalization using the
SST-RMA-GENE-FULL differential
expression variance

algorithm  and

of
(ANOVA)] were carried out using the Transcriptome
Analysis Console (TAC) 4.0 software. Genes with fold
change greater than 2 and (False Discovery Rate) FDR

than 0.05

analysis [one-way analysis

adjusted p-value less were considered

differentially expressed.

Pathway and gene ontology analysis

TAC 4.0 was used to visualize heatmap of differentially
expressed genes (DEGs) with fold changes greater than 2.
Furthermore, DEGs were subjected to Ingenuity Pathway
Analysis (IPA; QIAGEN Inc., https://www.ingenuity.com)
to gain insight into network discovery. DAVID software
(Huang da et al,, 2009a; Huang da et al., 2009b) (https://
david.ncifcrf.gov/) was used with default settings to perform
functional enrichment analysis of DEGs, and several
significant gene ontology (GO) terms and pathways were
identified at p-value <0.05. GO terms were classified by

» o«

“Biological Process,” “Molecular Function” and “Cellular

Component.”
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Cell adhesion assay

To measure cell adhesion, cells were harvested with a non-
enzymatic cell dissociation buffer (Cellstripper, Cellgro,
Mediatech) and incubated with Calcein-AM (8 uM) for
15min at room temperature. Cells were subsequently
plated into 96- well plates for 1h followed by 3 times of
PBS washing. Adhered cells were measured and quantified
using fluorescent by ELISA plate reader (Perkin Elmer
Envision, Waltham, MA, United States). HA-RSK1 was
transfected into U251 RSK1 KO cells using X-tremeGENE
HP (Sigma) transfection reagent. After 24 h, transfected cells
were starved in 0.1% FBS media overnight followed by cell
adhesion assay.

Quantitative real-time polymerase chain
reaction

Total RNA was extracted and purified using Trizol reagent
(ThermoFisher Scientific, MA) according to manufacturer’s
protocol. The cDNA was then reverse-transcribed from 2 pg
of total RN'A using ProtoScript I Reverse Transcriptase kit (NEB,
MA). Quantitative real-time PCR was done with SYBR green
PCR master mix (Applied Biosystem, CA). The C(t) values were
normalized using GAPDH. Primers used were as follows:

TRIM69 5'-GGAGCAATGTCTCTTAGCCAAGG-3'
(fwd) and 5'-TCTCTGGTTGCCAGCACCTTCA-3' (rev);
ITGA2: 5'-GTGGCTTTCCTGAGAACCGA-3" (fwd) and 5'-
GATCAAGCCGAGGCTCATGT-3" (rev); TACC3: 5'-TCT
TGGGAGCACTGGACATTCC-3' (fwd) and 5'-TCCAGG
TCCTTCTGGCTGTACT-3" (rev); CDK2: 5'-TTCCACCAG
CATGGCAACGTCT-3" (fwd) and 5'-AGCTCCGCGTATTTG
CTTTGGG-3" (rev); BUB1B: 5'-GTGGAAGAGACTGCACAA
CAGC-3" (fwd) and 5'-TCAGACGCTTGCTGATGGCTCT-3"
(rev); COL6A3: 5'-GCAGCAGCAAGCAGTCATTG-3" (fwd)
and 5'-ATCCTGTCCGATTTCCAGCC-3" (rev); SHC4: 5'-
ACGAGTCGATCACGTCCTTG-3" (fwd) and 5'-AAGGTG
GCATCTTCAGTCGG-3" (rev); IL1B: 5'-CCACAGACCTTC
CAGGAGAATG-3" (fwd) and 5'-GTGCAGTTCAGTGATCG
TACAGG-3" (rev); ISG15 : 5'"TGCGACGAACCTCTGAAC
AT-3" (fwd) and 5'-TCGAAGGTCAGCCAGAACAG-3" (rev);
GAPDH: 5'-GTCTCCTCTGACTTCAACAGCG-3" (fwd) and
5'-ACCACCCTGTTGCTGTAGCCAA-3" (rev).

XTT assay

Cells were seeded in 96-well culture plates at a
concentration of 5x10> cells/well. Cell viability was assessed
for Day 2, 3 and 4 using the XTT kit (Biotium) according to
manufacturer’s protocol. Absorbance was measured by ELISA

Frontiers in Cell and Developmental Biology

04

10.3389/fcell.2022.1015665

plate reader (Perkin Elmer Waltham, MA,
United States) at 500 nm with a reference wavelength at

650 nm.

Envision,

Western blotting

Cells were seeded in 6 well tissue culture plates and
starved with 0.1% FBS media overnight before being
treated with EGF (100 ng/ml) at indicated times. Cells
were then washed once with PBS and lysed with RIPA
lysis buffer containing protease inhibitor cocktail (Roche).
Protein samples were resolved by 10% SDS-PAGE after
boiling for 5min in 4X SDS sample buffer. Resolved
proteins were transferred to a nitrocellulose membrane
and subsequently analyzed by immunoblot using
antibodies specific for p-p53 (S20), p-RSK (S380), p-YBI1
(S102), YBI (Cell Signaling Technology), RSK1 (Abcam),
RSK2, p-ERK (Y204), ERK (Santa Cruz), and f tubulin
(Proteintech).

Multiplex analysis of cytokines

We 14  cytokine/chemokine/growth factor
biomarkers simultaneously using a Discovery Assay  called

quantified

the Human High Sensitivity T cell Discovery Array 14-Plex
(Eve Technologies Corp, Calgary, AB, Canada). The multiplex
assay was performed at Eve Technologies by using the Bio-Plex™
200 system (Bio-Rad Laboratories, CA,
United States), and a Milliplex Human High Sensitivity T cell
panel (Millipore, St. Charles, MO, United States) according to
their protocol. The 14-plex consisted of GM-CSF, IFNy, IL-1,
IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12 (p70), IL-13, IL-17A, IL-
23, and TNFa. The assay sensitivities of these markers range from

Inc., Hercules,

0.11-3.25 pg/ml. Individual analyte values and other assay details
are available on Eve Technologies” website or in the Milliplex
protocol.

Tumor necrosis factor alpha enzyme-
linked immunosorbent assay assay

Secreted TNF alpha was detected using the TNF alpha
HUMAN ELISA Kit Carlsbad, CA,
United States) according to manufacturer’s protocol. Briefly,
supernatant from EGF (100 ng/ml) stimulated NT, RSK1 KO
and RSK2 KO cells were harvested and subsequently added to
96 well plates coated with TNF alpha. TNF alpha specific Biotin
conjugation was labeled with Streptavidin-HRP for detecting the

(Life technologies,

absorbance of the samples at 450 nm using ELISA plate reader
(Perkin Elmer Envision).
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FIGURE 1

Structural and mRNA expression profiles of RSK isoforms in multiple tumors. (A) Schematic representation shows the functional domains of the
N-terminal kinase domain (NTKD), C-terminal kinase domain (CTKD), and docking domain (DD). Activation of RSK is associated with highly
conserved phosphorylation sites (each shown as green colored circles). Transcription factors regulated by RSK1 and RSK2 are shown on the right. (B)
Box plots show tumor (red) and normal samples (gray) that revealed upregulation of RSK1 and RSK2 in acute myeloid leukemia (LAML),
glioblastoma multiforme (GBM), pancreatic adenocarcinoma (PAAD), and stomach adenocarcinoma (STAD). The height of each bar represents the
median expression of certain tumor or normal tissues (T = Tumor, N=Normal). Data were analyzed using the gene expression profiling interactive

analysis 2 (GEPIA2) database. *, p < 0.05.

Cell cycle analysis

Cells were seeded in 100 mm dishes and starved overnight to
synchronize the cells and arrest them in the GO/GI1 phase of the
cell cycle. Cells were treated with EGF (100 ng/ml) for 24 h
followed by trypsinization and fixation with methanol. Fixed
cells were washed with 1X PBS two times and treated with RNAse
for 20 min at RT and then stained with Propidium Iodide in the
dark before analysis. For cisplatin treated samples, starved cells
were changed to 10% FBS media with or without 1puM of
cisplatin and incubated for 24 h. Cells were sorted by Accuri
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C6 Flow Cytometer (BD bioscience) from UHCC Microscopy
and Imaging Core. Cell cycle distribution was analyzed with
FlowJo software (Treestar, Ashland, OR). Both debris and
doublets were removed from the analysis.

Statistical analysis
The student’s two-tailed ¢-test was employed to determine

the difference between control and treatment groups of cell-
based assays (three independent experiments performed for
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analysis). The p-value less than 0.05 was considered statistically
significant. Data are presented as mean + SD.

Results

RSK1 and RSK2 demonstrate similar
expression in diverse cancer types

RSK isoforms have high homology (73%, 70% and 65% of
protein sequence identity), primarily within the NTKD and
CTKD. They have identical phosphorylation sites that are
activated by ERK (RSKI-T573/RSK2-T577/RSK3-T570/
RSK4-T581), leading to autophosphorylation (RSK1-S380/
RSK2-S386/RSK3-S377/RSK4-S389) by  the CTKD.
Activation of the CTKD generates a docking site for PDK1,
which then phosphorylates the NTKD (RSK1-S221/RSK2-
S227/RSK3-S218/RSK4-5232), resulting in full activation of
the RSKs. The activated RSK isoforms target many proteins
including transcriptional factors. RSKI1 can target the
transcription factors c-Fos (Chen et al, 1993), IkB
(Schouten et al., 1997), Nur77 (Wingate et al., 2006), SRF
(Rivera et al., 1993), and ERa (Joel et al., 1998), whereas
RSK2 can target c-Fos (David et al., 2005), CREB (De Cesare
et al.,, 1998), EIk1/SRF (Bruning et al., 2000), and ATF4 (Yang
etal, 2004) (Figure 1A). Although the specificity of each of the
RSK isoforms for these transcription factors was not tested,
these studies revealed the important role of RSK1 and 2 in
regulating transcription. The expression of RSK isoforms
mRNA in various tumors are shown (Figure 1B). To
examine the expression levels of RSKI1 and RSK2, tumor
mRNA levels were analyzed from the gene expression
profiling interactive analysis (GEPIA2) which computed
TCGA data in the form of transcripts per million. Both
RSK1 and RSK2 had high mRNA expression in acute
(LAML),  GBM,
adenocarcinoma (PAAD), and stomach adenocarcinoma
(STAD) patient data. The
RSK4 did not show significant difference in indicated
tumors except the RSK3 expression in LAML. RSK 3 and
RSK4 levels are very low and difficult to detect in the cell lines

myeloid leukemia pancreatic

expression of RSK3 and

we use (U251) so we did not further examine these. The
resulting boxplots revealed that RSK1 and RSK2 expression
levels are consistently high in many cancers.

Microarray analysis of RSK1 and RSK2 null
glioblastoma multiforme-derived cell lines

RSK2 regulates drug resistance, cell motility, and invasion
in many cancers including GBM (Sulzmaier and Ramos, 2013;
Sulzmaier et al., 2016; Shi et al., 2018). However, specific gene
regulation by RSK isoforms remains elusive. To determine if
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RSK1 and RSK2 have specific non-overlapping roles in gene
expression, we used the clustered regularly interspaced short
palindromic repeats (CRISPR)/Cas9 system to generate
isoform-specific deletions in the GBM derived cell line
U251 (Figure 2A). Cells were serum starved (0.1% FBS)
overnight to minimize RSK activity, then stimulated with
epidermal growth factor (EGF) (100 ng/ml) for various
times. EGF activates ERK phosphorylation of both
RSK1 and RSK2 as expected (Figure 2B). All three cell lines
showed increased ERK activity after EGF stimulation,
indicating that ERK is not affected by downstream
CRISPR/Cas9 knockout of RSK1 and RSK2. In contrast, the
phosphorylation of YB1, which is downstream of RSK, was
inhibited in RSK2 knockout cells compared with control cells.
Since decreased phosphorylation of YB1 was observed
that
YBI1 regulation depends predominantly on RSK2, but not
RSK1 activity in these cells (Figure 2B).

To determine differences in mRNA programs driven by

predominantly in RSK2-deleted cells, it follows

RSK1 versus RSK2, all three cell lines [control non-target
(NT), RSK1 knockout (RSK1 KO), and RSK2 knockout
(RSK2 KO)] were starved overnight to minimize RSK activity.
The cells were then stimulated with EGF (100 ng/ml) for 5 h,
followed by microarray analysis to compare differences in
gene expression before and after EGF stimulation among the
different cell types. Principal component analysis (PCA) of the
microarray data revealed clusters within the biological
replicates, with a marked separation between the 0.1% FBS
and EGF-stimulated conditions for each cell line (Figure 2C).
We then determined the differential gene expression among
each group, usinglog2 fold change values of greater than 1 and
p < 0.05. Each treated group (RSK1 KO and RSK2 KO) was
compared separately with the control group (NT). Comparing
RSK1 KO cells with NT cells under EGF stimulation
conditions yielded a total of 652 detected differentially
expressed genes (DEGs), whereas comparing RSK2 KO cells
with NT cells under these same conditions yielded a total of
403 detected DEGs. The number of overlapping DEGs
between RSK1 KO and RSK2 KO cells were also shown in
the Venn diagram (Figure 2D). Of the 164 overlapping DEGs,
106 were upregulated, 49 were downregulated, and 9 were
oppositely regulated between RSK1 KO and RSK2 KO. After
excluding the overlapping DEGs, we were able to clarify
488 DEGs specific to RSK1 KO (346 upregulated and
142 downregulated), and 239 DEGs specific to RSK2 KO
(131 upregulated and 108 downregulated). Transcriptome
Analysis Console (TAC) software was used to overlay the
up- and downregulated DEGs into hierarchical clustering
graph from the comparison of triplicated NT, RSK1 KO
and RSK2 KO cell lines (Figures 2E.F). Each cluster of
RSK1 KO and RSK2 KO specific DEGs (highlighted in the
red box) showed significantly differentiated expression levels
according to the specific RSK isoform deletion. We also tested
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FIGURE 2
CRISPR/Cas9 mediated knockout of RSK1 and RSK2 for microarray analysis. (A) Stable knockout (KO) cell lines of RSK1 and RSK2 were confirmed
by Western blotting. (B) Western blotting with indicated proteins after 100 ng/ml EGF treatment for 0, 5, 20, 60, 180, and 300 min. Each cell line was
cultured in reduced serum (0.1% FBS) overnight. Tubulin was used as a loading control. Expression intensity of p-RSK, p-YB1 and p-ERK were
quantified using ImageJ (bottom). (C) Principal component analysis (PCA) plot of overall mMRNA expression data characterizing the entire
transcriptional profile of the enrolled samples, generated using Transcriptome Analysis Console (TAC) software. (D) Venn diagram illustration of the
(Continued)
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FIGURE 2 (Continued)

numbers of differentially expressed genes (DEGs) specific to RSK1 KO and RSK2 KO, plus overlapping genes common to both RSK1 KO and
RSK2 KO (fold change < -2 or >2; p < 0.05) in EGF stimulation condition. Arrows show up- and downregulated DEGs; mixed arrows represent
opposite expression trends between the two isoforms. (E) Hierarchically clustered heat map illustrating DEGs between RSK1 KO, as highlighted in red
box, and NT and RSK2 KO cell lines. mRNA expression of COL6A3, ITGA2 and SHC4 genes were used to validate microarray analysis (bottom). *,

p < 0.05, **, p < 0.01. (F) Hierarchically clustered heat map illustrating DEGs between RSK2 KO, as highlighted in red box, and NT and RSK1 KO cell
lines. mMRNA expression of IL1B, ISG15 and TRIM69 genes were used to validate microarray analysis (bottom) *, p < 0.05. DEGs were from fold

change >2.0, p < 0.05 and FDR <0.05, n = 3 per group.
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FIGURE 3

Gene Ontology (GO) analysis of biological processes, KEGG pathway and IPA network pathway analysis of DEGs specific to RSK1 KO and

RSK2 KO. (A) Top five biological processes analyzed from RSK1 KO-specific DEGs (left) and RSK2 KO specific DEGs (right) in EGF stimulation. All
collected biological processes were generated using the Database for Annotation, Visualization, and Integrated Discovery (DAVID). Bars represent
the number of genes related to the indicated pathways (p < 0.05). (B) Top five KEGG pathways analyzed from RSK1 KO-specific DEGs (left) and
RSK2 KO-specific DEGs (right) in EGF stimulation. (C) Gene network for ‘Cellular Development, Cellular Movement, Skeletal and Muscular Disorders’
from RSK1 KO-specific DEGs. (D) Gene network for ‘Antimicrobial Response, Infectious Diseases, Inflammatory Response) from RSK2 KO-specific
DEGs. Gene networks based on IPA scores were identified.

the mRNA expression of some DEGs from RSK1 KO specific pathways which is shown below. In both PCA
(COL6A3, ITGA2 AND SHC4) and RSK2 KO cells (IL1B, (Figure 2C) and hierarchical clustering graphs (Figures
ISG15 AND TRIM69) to confirm the results of the microarray. 2E,F), we observed significant separate clustering of each
The validated DEGs were selected to support the isoform sample among NT, RSK1 KO and RSK2 KO cell lines.
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Pathway enrichment analysis of the
differentially expressed genes

Enrichment analysis of DEGs can give insight into cellular
functions. We carried out detailed Gene Ontology (GO), KEGG
(Kyoto Encyclopedia of Genes and Genomes) pathway analysis
and IPA top network analysis of DEGs specific to RSK1 KO and
RSK2 KO, under EGF stimulated condition. The DEGs were
subjected to GO analysis based on biological processes using the
Database
Discovery (DAVID). The primary GO terms for enrichment
of biological processes targeted by RSK1 KO-specific DEGs
included the cell adhesion, extracellular matrix organization,

for Annotation, Visualization, and Integrated

negative regulation of cell adhesion, axon guidance and
positive chemotaxis (Figure 3A, left). Biological processes
targeted by RSK2 KO-specific DEGs included the defense
response to virus, type I interferon signaling pathway,
interferon-gamma mediated signaling pathway, negative
regulation of viral genome replication and response to virus
(Figure 3A, right). The KEGG pathway analysis of RSK1 KO and
RSK2 KO specific DEGs also provided insight into the cellular
pathways associated with these DEGs. Focal Adhesion and Gap
junction were the top pathway enriched in RSK1 KO specific
DEGs (Figure 3B, left). Measles and Influenza A were the top
pathway enriched in RSK2 KO specific DEGs (Figure 3B, right).
A network comparison analysis was conducted to identify
interactions between DEGs in a given pathway and how they
might work together at the molecular level. All DEG data from
the TAC analysis were transferred into Ingenuity Pathway
Analysis (IPA) software. Under EGF stimulated conditions,
one of the top network related to RSK1 KO-specific DEGs
was “Cellular Development, Cellular Movement, Skeletal and
Muscular Disorders” (Figure 3C). And the top network related to
RSK2 KO-specific DEGs
Infectious Diseases and Inflammatory Response” (Figure 3D).
Overall, these data indicate the role of RSK1 that regulates focal

adhesion while RSK2 regulates immune response in GBM cell

was “Antimicrobial Response,

lines.

RSK1 regulates cell adhesion whereas
RSK2 regulates immune response

To validate that pathway results from the microarray data
were associated with related cellular functions in cell adhesion
and immune response, we performed in vitro experiments. We
first validated the protein expression level of DEGs shown in
network comparison analysis (Figures 3C,D) through IPA.
Fibronectin-1 (FN1) as an important protein in cell adhesion
and ISG15 which was the most increased gene in network
were tested. We found that the
expression level of FNI was increased after 5h of EGF

comparison  analysis

stimulation in RSK1 KO cell line and the expression level of
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ISG15 was also increased after EGF treatment in RSK2 KO cell
line supporting the results of microarray analysis (Figure 4A). To
confirm the pathway analysis results and induced expression of
FN1, an extracellular matrix glycoprotein, which is known to
important roles in cell adhesion and migration (Pankov and
Yamada, 2002; To and Midwood, 2011), we tested cell adhesion
activity of NT, RSK1 KO and RSK2 KO cells. After 5h of EGF
stimulation, we found that the cell adhesion activity of RSK1 KO
cells were increased (1.8X fold) compared to NT and RSK2 KO
cells supporting the results of microarray data (Figure 4B). We
also tested that restoring RSK1 by exogenous expression led to
decrease the cell adhesion in RSK1 KO cell line indicating direct
regulation of cell adhesion in RSK1 (Figure 4C).

Next, we analyzed cytokines from cultured media to validate
the enhanced immune response pathway seen in RSK2 KO cells
under EGF-stimulated conditions. After EGF stimulation,
fourteen cytokines/chemokines were analyzed from the three
cell lines; of these, seven showed increased expression in the
media. Tumor necrosis factor (TNF) alpha showed statistically
significant expression in the RSK2 KO cells, while the other six
cytokines showed a modest, but statistically insignificant increase
in expression in these cells (Figure 4D). The TNF alpha
expression level was re-confirmed using a TNF alpha enzyme-
linked immunosorbent assay (ELISA) detection kit; this likewise
showed increased expression in the RSK2 KO cells, indicating the
presence of enhanced immune response pathways (Figure 4E).
Collectively, these results strongly support that RSK1 mediates
cell adhesion signaling pathways, while RSK2 mediates immune
response signaling pathways.

RSK1 regulates cell cycle-related
pathways

The important roles of kinase activity independent
mechanisms of many different types of kinases had been
previously reported (Erazo et al, 2013; Yang et al, 2013;
Malireddi et al, 2020). We therefore tested whether non-
kinase activity of RSKlor RSK2 would affect the cellular
pathways of RSK1 KO and RSK2 KO specific DEGs under
0.1% FBS (unstimulated) condition. Each group (RSK1 KO
and RSK2 KO) was compared separately with the control
group (NT) under 0.1% FBS conditions. After excluding the
210 overlapping DEGs, we were able to clarify 907 DEGs specific
to RSK1 KO (489 upregulated and 418 downregulated), and
338 DEGs specific to RSK2 KO (224 upregulated and
164 downregulated). The number of DEGs between RSK1 KO
and RSK2 KO cells were also shown in the Venn diagram
(Figure 5A). The GO analysis of biological processes targeted
by RSK1 KO-specific DEGs included the DNA replication, G1/S
transition of mitotic cell cycle, Cell division, Mitotic nuclear
division, and Nucleosome assembly (Figure 5B). The GO analysis
of biological process targeted by RSK2 KO specific DEGs showed
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FIGURE 4

RSK1 regulates cell adhesion while RSK2 regulates immune response. (A) Representative western blot analysis of three cell lines in 0.1% FBS
starved conditions, and after EGF stimulation. Tubulin was used as an internal control. Expression intensity of FN1 was quantified using ImageJ
(bottom). (B) Cell adhesion assay shows the in vitro binding profile of NT, RSK1 KO and RSK2 KO cell lines. Calcein-AM staining of bound cells were
measured and quantified. (C) Cell adhesion assay of restored RSK1 expression in RSK1 KO cell lines. Two different amounts of RSK1 was
transiently transfected in RSK1 KO cell lines for the assay. The expression of RSK1 was confirmed by western blot analysis (right). (D) Bar graph
showing the seven quantified cytokine/chemokine/growth factor biomarkers of three cell lines after EGF stimulation. Supernatant was collected and
analyzed with a Human High Sensitivity T cell Discovery Array 14-Plex. (E) TNF alpha expression of three cell lines after EGF stimulation was quantified
using an ELISA kit. All bar graphs represent average values of three experiments, with error bars indicating the standard deviation. *, p < 0.05.

Cellular response to tumor necrosis factor, Positive regulation of
peptidyl-Tyr-phosphorylation, Signal transduction, Response to
drug and Cellular response to interlerkin-1 (data not shown). We
then decided to focus on RSK1 KO specific DEGs since the
pathway analysis pointed out that the cell cycle and DNA
replication pathways are significantly involved in RSK1 KO
cells. The KEGG pathway analysis of RSK1 KO specific DEGs
also provided the cellular pathways of DNA replication and cell
cycle which were one of the top pathways enriched in RSK1 KO
specific DEGs (Figure 5C). In addition, a network comparison
analysis was conducted into IPA software. Under 0.1% FBS
condition, one of the top networks related to RSK1 KO-
specific DEGs was “Cell Cycle, Cellular Assembly and
Organization, DNA Replication, Recombination and Repair”
(Figure 5D). The top network pathways related to the DEG
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expression panels were shown as a heat map to visualize their
specific expression under certain conditions (Figure 5E, left).
Most of the DEGs were downregulated compared to NT or
RSK2 KO cells indicating significant reduced activity of DNA
replication and cell cycle related pathways. We also tested the
mRNA expression of some DEGs from RSKI KO (BUBIB,
CDK2, TACC3) to confirm the results of the microarray
5E, right). the
conclusion that under 0.1% FBS (unstimulated) conditions,
DEGs specific to RSK1 KO were highly related to the cell
cycle and DNA replication pathways.

(Figure Together these results support

To validate that pathway results from the microarray data
were associated with related cellular functions in tumor growth
and drug response, we performed in vitro experiments. First, to
test cell viability in RSK1 KO and RSK2 KO cells, a cell viability
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FIGURE 5

Pathway analysis of RSK1 KO DEGs in 0.1%FBS condition. (A) Venn diagram illustration of the numbers of DEGs specific to RSK1 KO and RSK2 KO,

plus overlapping genes common to both RSK1 KO and RSK2 KO (fold change < -2 or >2; p < 0.05). (B) Top five biological processes analyzed from
RSK1 KO-specific DEGs. (C) Top five KEGG pathways analyzed from RSK1 KO-specific DEGs. (D) Gene network for ‘Cell cycle, Cellular Assembly and
Organization, DNA Replication, Recombination, and Repair’ from RSK1 KO-specific DEGs in 0.1% FBS. (E) Heat map analysis of thirty DEGs
highlighted from top networks as shown in (D). Increased (red) or decreased (blue) gene color intensity indicates a corresponding increased or
decreased signal intensity, as annotated in the scale. mRNA expression of BUB1B, CDK2 and TACC3 genes were used to validate microarray analysis
(right). *, p < 0.05.
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FIGURE 6

RSK1 regulates cell cycle and DNA repair pathways (A) XTT assay of U251 non-target (NT), RSK1 KO, and RSK2 KO cells. (B) Cell cycle analysis of
three cell lines after starving in 0.1% FBS overnight. The bar graph shows the percentage of cells in each phase of the cell cycle (GO/G1, S, and G2). (C)
Representative western blot analysis of three cell lines in 0.1% FBS starved conditions, and after EGF stimulation. pERK was used as a positive control
for the EGF treatment, and tubulin was used as an internal control. (D) Cell cycle analysis of three cell lines after 24 h cisplatin (1 yM) treatment,

and the resulting S-phase increase. Left, bar graph showing the percentage of cells in each phase of the cell cycle (GO/GL1, S, and G2). Right, histogram
of flow cytometry overlapping with or without cisplatin treatment. (E) XTT assay of three cell lines after 48 h cisplatin (1 uM) treatment. (F) XTT assay
of U251 wild-type cells treated for 48 h with cisplatin (1 M, alone), BI-D1870 (1 uM, alone), or the combination of cisplatin plus BI-D1870. (G)
Representative western blot analysis of three cell lines after cisplatin treatment for 24 h. All bar graphs represent average values of three experiments,
with error bars indicating the standard deviation. *, p < 0.05; n. s, not significant

(XTT) assay was done. No differences were detected in this assay RSK1 KO cells were enriched in DNA replication and cell cycle
among the NT, RSK1 KO, and RSK2 KO cell lines at the tested pathways under 0.1% FBS (unstimulated) conditions, we ran a
times (Figure 6A). Since the microarray analysis showed that cell cycle analysis under these same conditions. We found that
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the RSK1 KO cells were modestly S-phase arrested compared to
the NT and RSK2 KO cells; this indicated that RSK1 might
regulate cell cycle pathways (Figure 6B) as indicated by the
microarray results. We further tested the protein expression
level of CDK2, which regulates the cell cycle in S phase (van
den Heuvel and Harlow, 1993), and was also identified in the
microarray analysis. A Western blot analysis demonstrated that
CDK2 was downregulated in RSK1 KO cells under 0.1% FBS
conditions (Figure 6C). Interestingly, the CDK2 level was
restored after EGF stimulation, which might explain why no
major changes were observed in cell viability or number
(Figure 6A). To investigate other enriched pathways, the DNA
replication/repair pathway in RSK1 KO cells and the immune
response pathway in RSK2 KO cells were tested for drug
sensitivity by cell cycle analysis and XTT assay. Cisplatin was
used as a drug treatment to induce both the DNA damage
(Zamble et al., 1996; Reardon et al, 1999) and immune
response pathways (Spanos et al., 2009; Hato et al., 2014). The
U251 NT cells were cisplatin-resistant, showing modest changes
in the cell cycle and no changes in cell viability. Interestingly,
cisplatin treatment significantly increased the cell cycle S phase in
RSK1 KO cells and resulted in 38% inhibition of cell viability. The
RSK2 KO cells also showed S phase arrest in the cell cycle with
cisplatin treatment, and up to 36% inhibition of cell viability
(Figures 6D,E). The RSK inhibitor BI-D1870, which targets the
NTKD of all isoforms, was used in combination with cisplatin in
the U251 parental cell line. The drug response increased when
cisplatin was used with BI-D1870, compared with cisplatin alone,
thereby confirming that RSK activity is important in cisplatin
resistance in U251 cells (Figure 6F). We extended our analysis to
the DNA replication/repair protein p53 and immune response
protein ISG15. The protein expression of p-p53 was increased in
both the NT and RSK2 KO cells upon cisplatin treatment, but no
induction was recorded in the RSK1 KO cells; this therefore
indicated that the DNA replication/repair system was impaired
in the RSK1 KO cell line. In addition, ISG15, one of the genes
selected from microarray analysis in RSK2 KO cells, showed a
marked increase in RSK2 KO cells even before cisplatin
treatment, indicating that immune response signaling was
elevated in the RSK2 KO cells (Figure 6G).

differentially expressed genes related to
RSK1 and RSK2 are highly correlated
in vitro and in vivo

To overcome the limitations of microarray results analyzed
from a patient-derived cell line, a correlation analysis between the
RSK1/2 isoforms and top network related DEGs was conducted
using a tumor RNA data set. We conducted a Spearman
the TCGA RNA
expression data portal GEPIA2 (http://gepia2.cancer-pku.cn)
(Tang et al., 2017). We used four tumor data sets (LAML,

correlation analysis from sequencing
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GBM, PAAD, and STAD), all of which showed higher
expression of RSK1/2 than non-cancerous tissue (Figure 1C).
Cellular
Movement, Skeletal and Muscular Disorders” (Figure 3C), six
DEGs in the top network related to RSK1 KO (TTLL12,
ADMA22, FN1, LPAR1, MMP16, and NRNI1) were highly
correlated with RSKI expression, with significant R and p

From twenty genes of “Cellular Development,

values. In addition, from thirty genes of “Cell Cycle, Cellular
Assembly and Organization, DNA Replication, Recombination
and Repair” in unstimulated conditions, nineteen DEGs were
highly correlated with RSK1 expression (ASPM, BFSP1, BUBI,
CDK2, CENPE, CENPI, CENPK, CENPM, CENPU, DEPDCI,
KNTC1, LYRM4, MASTL, NDC80, SKA1, SPAG5, ZC2HCI1A,
ZWILCH, and ZWINT). And sixteen genes of ‘Antimicrobial
Response, Infectious Diseases and Inflammatory Response’ as the
top network of RSK2 KO-specific DEGs were shown to have
three DEGs highly correlated with RSK2 expression with
significant R and p values (ISG15, LYN and STAT5B)
(Figure 7A). Each of the three genes from RSKI and
RSK2 network pathways were shown as dot plots that had
significant R values in the Spearman correlation analysis
(RSK1: FN1, R = -0.41; MMP16, R = —-0.54; NRNI, R = 0.
56; CDK2, R = 0.28; KNTCI, R = 0.44; and MASL, R = 0.44,
RSK2: ISG15, R = -0.36; STAT5B, R = 0.62; and LYN, R = 0.66)
(Figure 7B). These results indicate that the DEGs identified in the
microarray mRNA analysis are also highly correlated with
RSK1 and RSK2 expression in patient tumors. To confirm the
DEGs were not the result of off target effects in CRISPR system or
the specific cell clone, RSK1 and RSK2 rescue experiments were
done in the relevant knockout cell lines. Restoring RSK1 by
exogenous expression led to recovery of (from 53% to 81%)
CDK2 expression in RSK1 KO cells. Further, restoring
RSK2 restored lower levels of (from 6.9 fold to 5.5 fold)
ISG15 expression in RSK2 KO cells. This indicates that the
changes observed in the knockout cell lines are due to
changes in expression of each RSK isoform (Figure 7C).

Discussion

RSK isoforms are activated by RAS/MAPK pathways and
have various biological functions in cancer. In this study, we
performed an unbiased, microarray analysis of RSK1 and
RSK2 regulation using CRISPR/
cas9 mutated U251 cell lines. The differential expression and

isoform specific gene
various biological functions of RSK isoforms in cancer support
the need for development of isoform specific inhibitors.
Therefore, we have hypothesized that although RSK family
proteins have a high degree of sequence homology, each
individual RSK isoform may have both overlapping and
specific biological functions in transcriptional regulation.
be
development of RSKs as targets of new therapeutics.

Understanding  these  differences  will crucial  to
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FIGURE 7

Correlation analysis of DEGs with RSK1 and RSK2. (A) Using the TCGA RNA sequencing expression data portal GEPIA2, listed DEGs were highly
correlated with RSK1 or RSK2 expression from the TCGA data set. TCGA data sets were from Glioblastoma (GBM), Acute Myeloid Leukemia (LAML),
Pancreatic adenocarcinoma (PAAD) and Stomach adenocarcinoma (STAD) patients. Genes were shown with FC (fold changed), R value and p values.
(B) RSK1 was negatively correlated with FN1, MM16 and NRN1, positively correlated with CDK2, KNTC1 and MASTL. RSK2 was negatively
correlated with ISG15, positively correlated with STAT5B, and LYN. R: Spearman correlation coefficient. (C) CDK2 mRNA expression in RSK1 KO cells
with restored RSK1 (left) and ISG15 mRNA expression in RSK2 KO cells with restored RSK2 (right). 0.5 pg of RSK1 and RSK2 were transiently transfected
for the assay. The expression of RSK1 and RSK2 protein was confirmed by western blot analysis. * = p < 0.05.

The pathway analysis of RSK1 KO specific DEGs and
cellular assays showed that cell adhesion is modulated
byRSK1. RSK were known to regulate cell adhesion via
modulating several proteins. RSK binds and phosphorylates
p120 catenin at serine 320 modulating its proximity cellular
partners and re-localization to P-bodies resulting in decreased
cell-cell adhesion in melanoma cells (Meant et al., 2020). In
addition, our previous study shows that RSK may have a
potential role in regulating cell adhesion by phosphorylating
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Filamin A which is involved in stabilization of the actin cortex
(Gawecka et al., 2012).

RSK1 and RSK2 have a direct role in the regulation of cell
cycle via phosphorylation of several cell cycle checkpoint
proteins. Phosphorylation of cyclin dependent kinase (CDK)
inhibitor p27 Kipl on Thr198 results in cytosolic localization
promoting G1 phase progression (Fujita et al., 2003; Larrea et al.,
2009). RSK has also been shown to promote G2/M transition
through phosphorylating Cdc25A and Cdc25B, phosphatases
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involved in activation of CDK1 (Wu et al, 2014). And
RSK2 phosphorylates c-Fos on Ser362 resulting in activation
of cyclin D1, promoting G1-S phase progression (David et al.,
2005). Consistent with these findings, we found that RSK
regulates cell cycle progression also at the transcriptional level.
Only RSK1 knockout cells show reduced gene expression related
to cell cycle and DNA replication from gene ontology analysis.
The pathway results were consistent with those of the KEGG
analysis and IPA network pathway analysis and cell cycle assays
indicating RSK1 has a specific role in regulating these pathways.
We have observed decreased CDK2 protein expression in serum
reduced conditions as expected however we found
CDK2 expression was recovered when cells were EGF
stimulated suggesting that other signaling pathways might
recover CDK2 expression. This also explains the lack of
effects on proliferation under high FBS conditions.

Interferon-stimulated gene 15 (ISG15) is a member of the
ubiquitin-like protein superfamily and induced by type-I IFN
(alpha/beta) (Kumar et al, 1993) as well as TNF alpha
(Lertsooksawat et al, 2019). ISG15 is conjugated to target
proteins by a process called ISGylation to regulate activity of
target proteins (Loeb and Haas, 1992). Expression of ISG15 was
linked to resistance to cisplatin treatment in tumor cells,
suggesting ISG15 is a biomarker for drug sensitivity (Huo
et al., 2017; Wang et al., 2020) which is consistent with our
data showing increased ISG15 and induced cisplatin sensitivity in
RSK2 knockout cells.

We used IPA to identify potential upstream regulators
the

differentially expressed genes (DEGs) (Kramer et al,, 2014).

including  transcription  factors  connected  with
Upstream regulator analysis identified 38 potential regulators
of the transcription of multiple genes involved in cell cycle and
DNA replication from RSK1 knockout DEGs and 23 potential
regulators involved in immune response from RSK2 knockout
DEGs. Further studies are required to determine if these proteins
are regulated by RSK1 or RSK2 isoforms specifically. Me "ant et al
identified RSK isoform specific binding partners in HEK293 cells
by using proximity-dependent biotinylation (BioID) approaches
(Meant et al., 2020). DNA replication proteins PCNA (Dianova
etal., 2001), ORCS5 (Springer et al., 1999) and CDC45 (Liu et al.,
2006) were identified as RSK1 specific binding proteins. No
proteins were identified as RSK2 binding proteins related to
immune response.

In  conclusion, study identifies isoform specific
transcriptional programs for RSK1 and RSK2. Current RSK

inhibitors affect all isoforms and these are being pursued as

our

potential therapeutic agents for diverse cancers including GBM,
melanoma, prostate, and breast cancers. This analysis suggests that
isoform specific inhibitors may be needed to more precisely target
RSK functions and thereby improve therapeutic efficacy and reduce
complications that may result from hitting multiple RSK isoforms.
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