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Abstract

Lung and bladder cancers are mostly incurable due to early development of drug resistance and 

metastatic dissemination. Hence, better therapies that tackle these two processes are urgently 

needed to improve clinical outcome. We have identified RSK4 as a promoter of drug resistance 

and metastasis in lung and bladder cancer cells. Silencing this kinase, either through RNA 

interference or CRISPR, sensitised tumor cells to chemotherapy and hindered metastasis in vitro 
and in vivo in a tailvein injection model. Drug screening revealed several floxacin antibiotics 

as potent RSK4 activation inhibitors and trovafloxacin reproduced all effects of RSK4 silencing 

in vitro and in/ex vivo using lung cancer xenograft and genetically-engineered mouse models 

and bladder tumour explants. Through X-ray structure determination and Markov transient and 

Deuterium exchange analyses, we identified the allosteric binding site and revealed how this 

compound blocks RSK4 kinase activation through binding to an allosteric site and mimicking a 

kinase auto-inhibitory mechanism involving the RSK4’s hydrophobic motif. Last, we show that 

patients undergoing chemotherapy and adhering to prophylactic levofloxacin in the large placebo­

controlled randomised phase 3 SIGNIFICANT Trial had significantly (p =0.048) increased long­

term overall survival times. Hence, we suggest that RSK4 inhibition may represent an effective 

therapeutic strategy for treating lung and bladder cancer.

Introduction

Lung and bladder cancers are two smoking-related malignancies that are mostly incurable 

due to the early development of drug-resistant metastatic disease. Hence, a better 

understanding of the molecular mechanisms regulating these processes will help develop 

therapeutic strategies against these malignancies.
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The p90 Ribosomal Protein S6 kinases (RPS6KAs, aka RSKs) are dual kinase domain 

protein kinases involved in multiple processes including protein translation, cell growth, 

and migration (1). Four isoforms exist in humans (RSK1-4) of which RSK1 and 2 are 

most studied in cancer. Their biological functions are assumed to overlap with RSK3 

and 4 because these proteins have a high degree of sequence identity, especially in their 

N-terminal kinase domain that mediates substrate phosphorylation. However, our previous 

work challenged this notion. Indeed, RSK1 differed from other isoforms in its regulation 

of lung cancer cell invasion as silencing of this kinase promoted metastasis in vitro (8). 

This suggested that the use of pan-RSK inhibitors may not be optimal for anticancer 

treatments (2). Moreover, RSK4 differs from other RSKs in its activation mechanism, with 

this isoform only requiring ERK whereas RSK1-3 need both ERK and PDK1 (1). Therefore, 

we hypothesise that RSK4 has divergent functions and activation patterns from other RSK 

isoforms.

The role of RSK4 in cancers is controversial due to conflicting experimental data. A 

tumour suppressor function of RSK4 was suggested in MDA-231 breast cancer cells where 

RSK4 overexpression leads to cell cycle arrest, reduced clonogenic growth in vitro, and 

reduced tumour growth and dissemination in vivo (3). In colon carcinoma cell lines, RSK4 

overexpression triggered senescence (4) consistent with large RNAi screens where RSK4 

downregulation prevented p53-induced senescence (5). In addition, in breast, colon and 

renal carcinoma, RSK4 mRNA expression was downregulated in tumour compared to 

normal tissues (1). In contrast, several studies in the same or different cancers suggest a 

tumour-promoting function for RSK4. Thus, over-expression of RSK4 enhanced whereas 

knockdown impaired cell migration and sunitinib resistance in renal and melanoma cell lines 

(6). Furthermore, RSK4 is over-expressed in breast and renal cancer at either the protein 

or mRNA levels (1) and in renal cancers this associated with poor patient prognosis (7). 

Moreover, RSK4 overexpression promoted, and silencing reduced, invasiveness of renal 

cell adenocarcinoma cells in vitro. One plausible explanation for these conflicting data is 

that RSK4 may act as a tumour suppressor or promoter in a context- or disease-dependent 

manner.Apart from our study demonstrating that RSK4 knockdown prevented migration and 

invasion of lung adenocarcinoma cells (8), the role of this kinase in lung and bladder cancer 

has not previously been investigated.

Here, we investigate the role of RSK4 in mediating lung and bladder cancer cell invasion as 

well as sensitization to chemotherapy both in vitro and in vivo through genetic manipulation 

(silencing and overexpression) and identify potential mechanisms to explain the effects seen. 

We also, screen known drugs to identify drugs or drug families which could be re-purposed 

as RSK4 inhibitors and crystalise part of RSK4 and undertake Markov transient and 

deuterium exchange analyses to assess their mechanism of action. We further test whether 

one of these drugs reproduces our genetic silencing data in vitro and in vivo and search for 

cancer patient trials that have previously used members of the drug family of interest. One 

such trial is found and re-analysed for whether the re-purposed drug in combination with 

chemotherapy could prolong survival of lung and bladder plus other cancer patients.

Chrysostomou et al. Page 3

Sci Transl Med. Author manuscript; available in PMC 2022 January 14.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Results

siRNA screening reveals RSK4 as a regulator of chemosensitivity in lung and bladder 
cancer cells

To identify common regulators of chemo response in lung and bladder cancer, we performed 

a kinome siRNA screen in T24 bladder cancer cells treated with or without taxol or cisplatin 

and compared this to our prior screen in lung cancer cells (9). Four individual siRNA 

sequences targeting each kinase were used and hits selected for validation based on at least 

2 sequences similarly modulating drug sensitivity (fig S1A-C). Amongst kinases found to 

control drug sensitivity (Fig 1A), 23 regulated the response to both cisplatin and taxol (Fig 

1B, fig. S1C), and 13 of these were cross-validated in 2 additional bladder cancer cell lines, 

TCCSUP and J82 (Fig 1C, fig. S1D). Cross-correlating these results with those previously­

published for A549 lung adenocarcinoma cells (9) revealed RSK4 (aka RPS6KA6) as 

a potential common target between lung and bladder cancer. Indeed, we confirmed that 

silencing RSK4 sensitised both bladder and lung cancer cells to taxol and cisplatin (Fig 

1D). This was reproduced in additional lung cancer cell lines (fig S2A) independently 

from the modality of RSK4 downregulation as two A549 clones in which RSK4 was 

knocked-out using CRISPR technology showed similar drug sensitisation (Fig 1E). This was 

associated with potentiation of apoptosis and increased DNA damage as assessed by caspase 

3/7 activation (Fig 1F) and elevated phospho-H2AX nuclear foci (Fig 1G), respectively. 

However, RSK4-silenced cells did not show decreased cell viability in the absence of drug 

(Fig 1D), despite increased total caspase 7 expression, as well as cleavage of caspase 7 

and PARP (Fig 1H, fig. S2B), suggesting that RSK4-knockdown only primes the apoptotic 

process. Conversely, RSK4 overexpression made A549 cells chemoresistant (fig S2C), with 

decreased background caspase activation and PARP cleavage (fig S2D). The increased 

caspase 3/7 activity in RSK4-downregulated cells was rescued by RSK4 overexpression (fig 

S2E). In multiple NSCLC and T24 cell lines, sensitisation to chemotherapy was associated 

with decreased expression of the anti-apoptotic proteins BCL2, cIAP1 and cIAP2 that we 

previously showed promote chemo-resistance in lung cancer (Fig 1I, fig. S2F) (10). This 

decrease occurred at the transcriptional level (Fig 1J). Similar decreases in cIAP1 and 

cIAP2, but not BCL2, occurred in A549 RSK4-CRISPR clones (fig S2G), which may 

indicate that cIAP changes are more relevant to chemosensitisation in this biological context. 

Moreover, cIAP2 is likely the major mediator of the RSK4-induced chemoresistance as only 

cIAP2 mRNA and protein expression were increased by RSK4 overexpression in A549 cells 

(fig S2H-I) and cIAP2 but not cIAP1 rescued chemosensitisation following RSK4 silencing 

(fig S2J). In short, RSK4 downregulation promotes cell death in several lung and bladder 

cancer cell lines treated with two clinically relevant chemotherapeutic compounds.

RSK4 controls the migration and invasion of lung and bladder cancer cells

We previously published that RSK4 silencing decreased the migration and invasion of A549 

cells (8). Similarly, RSK4 knockdown hindered the migration and invasion of bladder and 

lung cancer cell lines (Fig 2A, 2B, fig. S3A), whereas RSK4 overexpression promoted 

migration of A549 cells (fig S3B). Microscopic image analysis of RSK4-silenced cells 

revealed increased cell clustering and roundness (Fig. 2C, fig. S3C), suggesting a reversal 

of epithelial-mesenchymal transition (EMT). In agreement, analysis of lysates from RSK4­
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silenced and control cells for EMT markers revealed decreased vimentin and N-cadherin and 

increased epithelial marker E-cadherin (Fig. 2D -left, fig. S3D-E).

Conversely, RSK4 overexpression had the opposite effect (Fig. 2D -right, fig. S3F). The 

decreased cell migration observed after siRNA-mediated RSK4 silencing was reproduced 

in RSK4-CRISPR A549 cells and rescued by RSK4 overexpression, demonstrating the 

RSK4-selectivity of this phenotype (fig. S3G). EMT is partly controlled by NFκB (11) 

and reduced expression of EMT markers after RSK4 downregulation associated with 

decreased NFκB activity (Fig. 2E, fig. S3H) and decreased RELA nuclear localisation 

(Fig. 2F). This suggested that NFκB activity is controlled by RSK4. RELA nuclear 

accumulation is negatively regulated through acetylation on K122 and K123 by the acetyl­

transferase p300 (12). Figure 2G shows that Ser89 phosphorylation of p300, an event 

that inhibits p300’s acetyltransferase activity (13), was decreased in RSK4-silenced A549 

and T24 cells. Consequently, RSK4 may regulate the activity of the NFκB pathway by 

direct phosphorylation of p300, as recombinant RSK4 phosphorylates p300 on Ser89 

in vitro (Fig. 2H). The role of NFkB in RSK4’s effects on EMT markers and cell 

migration were confirmed by active-RELA overexpression reverting the changes in EMT 

markers and decreased cell migration in RSK4-downregulated A549 cells (fig. S4A-B). In 

contrast, RSK4-induced chemo-resistance was not mediated by RELA, as active-RELA 

overexpression failed to prevent drug sensitisation or decreased cIAP2 expression in 

RSK4-downregulated cells (fig. S4C-E). Although changes in cell migration and the actin 

cytoskeleton play important roles in cellular invasion, resistance to anoikis is crucial to 

metastatic dissemination, as this maximises the survival of circulating cancer cells (14). 

Figure 2I shows that unlike RSK1-silenced or non-targeted cells, RSK4-downregulated 

A549 and T24 cells underwent cell death when placed in suspension for 18h. Taken together, 

our data suggest that RSK4 silencing impairs the metastatic program of lung and bladder 

cancer cells.

RSK4 is overexpressed in lung cancer and correlates with decreased survival in patients 
with adenocarcinoma

To assess the potential clinical relevance of our findings, we analysed tissue microarrays 

of normal and lung cancer tissue samples for RSK4 protein expression. Staining 

optimisation using paraffin-embedded A549 cells silenced or not for RSK4 demonstrated 

that immunoreactivity depended on RSK4 expression, therefore confirming the antibody’s 

specificity (fig. S5A), similarly to that observed in Western blotting (fig. S5B). Figure 

3A shows that whereas RSK4 was undetectable in all normal lung specimens, 57% of 

primary lung cancers (n=97) were positive for this kinase. Western blotting of NSCLC 

and normal lung epithelial cell lines showed similar differences, suggesting that RSK4 

expression in our cell lines was representative of that seen in the clinic (fig. S5C). Stratifying 

our clinical samples for lung cancer subtypes showed that the frequency and intensity of 

RSK4 expression was highest in adenocarcinoma (AdCa), decreased in squamous cell (SCC) 

NSCLC and lowest in small cell lung cancers (SCLC) (Fig. 3B-C). Similar differences 

were observed at mRNA level in TCGA datasets where lung AdCa, but not SCCs showed 

a significant (p=3.27e-06) increase in RSK4 expression over normal lung (Fig. 3D). To 

test whether RSK4 was important in lung AdCa, we analysed publically available lung 
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cancer survival data. When all lung cancer subtypes were considered, high RSK4 mRNA 

expression associated with poorer prognosis (fig. S5D). However, when subtypes were 

separated, high-expressing AdCa showed significant decreased overall survival (OS) (p= 

9.6 10-6) whereas survival of patients with SCC was unaffected (Fig. 3E). This association 

between RSK4 expression and OS existed despite RSK4 expression being far lower than 

other RSK isoforms across all lung cancers or AdCa alone (fig. S5E). Amongst other RSKs, 

only RSK3 showed increased mRNA expression in AdCa compared to normal lung samples, 

whereas RSK2 showed decreased and RSK1 unchanged expression (fig. S5F). Nevertheless, 

a negative association between RSK expression and survival was only observed for RSK4 as 

similar analysis for other RSK isoforms showed that high expression either did not impact 

(RSK1) or was associated with improved OS (RSK2 and RSK3) in patients with AdCa (fig. 

S5G). Similar to the case of lung AdCa, analysis of bladder cancer samples showed lower 

RSK4 mRNA expression as compared to other RSKs (fig. S6A), and RSK4 overexpresion in 

cancer as compared to normal bladder samples (fig. S6B). Last, consistent with our in vitro 
data showing that RSK4 mediates the invasiveness of lung AdCa cells, we found that 52% 

of AdCa metastatic lesions expressed more RSK4 protein than their corresponding primary 

tumours, whereas this number fell to 24% in SCC (Fig. 3F). These results are also consistent 

with the difference in correlation between OS and RSK4 expression in patients with lung 

AdCa and SCC. Taken together, our data suggest that RSK4 over-expression as a predictor 

of survival might be most relevant in lung AdCa.

RSK4 silencing impairs tumour progression and maximises therapy response in vivo 

We next assessed the effects of RSK4 silencing on tumour growth in vivo using A549 

non-targeting or RSK4-CRISPR cells injected subcutaneously into nude mice. Tumour 

growth was noticeably delayed for both RSK4-CRISPR clones tested as compared to their 

non-targeted counterpart (Fig. 4A). Moreover, potentiation of cisplatin response was seen for 

RSK4-CRISPR as compared to non-targeted tumours (Fig. 4A-B). Because RSK4 silencing 

imparied cell invasion and anoikis in vitro, we also assessed metastasis in vivo. RSK4­

CRISPR or non-targeted A549 cells were injected into the tail vein of Severe Combined 

Immunodeficiency (SCID) mice and their lungs histologically examined 2 months later. 

This revealed a decreased ability of RSK4-CRISPR cells to colonise the lungs of injected 

mice (Fig 4C, fig. S7). Hence, RSK4 downregulation hinders lung adenocarcinoma tumour 

growth and dissemination in vivo.

Small compound library screening identifies moxifloxacin as a RSK4 activation inhibitor

Our data suggested that RSK4 inhibition may be clinically beneficial in the treatment of 

lung adenocarcinoma. Although pan-RSK inhibitors exist (15) (16), we previously published 

that RSK1 downregulation promotes lung cancer invasiveness (8). Here, we reproduce this 

finding by treating A549 cells with the pan-RSK inhibitor SL-0101 (fig. S8A). Moreover, 

contrary to the results obtained for RSK4, RSK1 silencing in bladder and lung cancer 

cells induced resistance to taxol and cisplatin (fig. S8B) and increased cIAP2 expression 

(fig. S8C). Last, unlike RSK4, RSK1 was well expressed in normal lung epithelial cells 

as aforementioned. Hence, inhibiting this kinase as part of therapeutic targeting of RSK4 

may yield distinct toxicity and loss of anti-cancer effects. Consequently, we wished to 

identify selective RSK4 inhibitors. We therefore developed a high-throughput Homogeneous 
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Time-Resolved Fluorescence (HTRF)-based assay to identify molecules interfering with 

RSK4 activation by ERK as, unlike other RSKs, RSK4 does not require PDK1 (1). Because 

bacterially-produced recombinant RSK4 showed high basal activity in vitro, we first 

inactivated it through dephosphorylation with the phosphatase PP1MA before incubation 

with test compounds and subsequent re-activation by ERK2 (Fig. 5A, fig. S8D). This 

favoured the selection of molecules likely to be non-ATP competitive. We screened 1675 

molecules and discovered twelve compounds showing >75% inhibition of RSK4 activation 

at 30 μM, amongst which was the antibiotic, moxifloxacin (Fig. 5B). This molecule acted 

as a micromolar (IC50=6.2 μM) non-ATP competitive reversible inhibitor of RSK4 activation 

(fig. S8E-F) and did not interfere with ERK activity in contrast to the well documented 

ATP-competitive pan-RSK inhibitor, BI-D1870 (fig. S8G). Increasing the concentration of 

RSK4 by 10 fold did not modify the efficiency of moxifloxacin, suggesting it does not 

act by degrading RSK4 (fig. S8E). Time-dependence inhibition studies showed a linear 

relationship with product formation in the presence of moxifloxacin or BI- D1870 (fig. 

S8H), indicating that moxifloxacin is not a slow binder and that mechanism of action 

studies could be performed using classical steady-state analysis. Michaelis Menten kinetics 

confirmed that in the presence of sub-maximal inhibition by BI-D1870, RSK4 maintained 

ATP Vmax but showed a trend to increased Km in agreement with the ATP competitive 

nature of this inhibitor (fig. S8J-K). In contrast, when incubated with moxifloxacin, RSK4 

maintained Km and displayed reduced Vmax (α = 1), confirming ATP non-competitive 

binding equally to the Enzyme and Enzyme-Substrate state of the enzyme (fig. S8I-K). 

Moreover, Moxifloxacin showed a preference for preventing RSK4 activation rather than 

inhibiting fully-active RSK4 and further favoured RSK4 over RSK1 (fig. S8L), making this 

compound a useful chemical starting point for future synthesis of RSK4-selective inhibitors.

Trovafloxacin reproduces the effects of RSK4 silencing in vitro 

Following our results with moxifloxacin, we screened other floxacin family members in 

our RSK4 HTRF-activation assay and identified both additional inhibitors (trovafloxacin, 

marbofloxacin, rufloxacin, tosufloxacin) as well as inactive analogues (ciprofloxacin, 

danofloxacin, and piromidic acid) (Fig. 5B, fig. S9A). As all these compounds are active 

antibiotics, we assumed that their RSK4-targeting activity was independent of their known 

clinical indication. However, no clear structure-activity relationship was readily identifiable 

(fig. S10). Crucially, only the compounds active against RSK4 sensitised A549 cells to 

cisplatin (Fig. 5C, fig. S11A). In particular, trovafloxacin showed superior abilities to 

moxifloxacin in this assay with 7.5 μM of this compound reducing the IC50 for cisplatin 

(Fig. 5C). This relationship was synergistic (fig. S11B) and the potentiation of cisplatin 

or taxol effects maximal when combined with ≈10 μM trovafloxacin (fig. S11B-C). This 

correlated with promotion of caspase activation in response to drug treatment in A549 cells 

(Fig. 5D), an effect dependent on the expression of RSK4. Indeed, RSK4 silencing using 

a 5’UTR-targeting siRNA prevented potentiation of caspase activation by trovafloxacin 

over that obtained with cisplatin alone whereas simultaneous RSK4 overexpression rescued 

this difference (Fig. 5E). In contrast, the pan-RSK inhibitor BI-D1870 failed to promote 

cisplatin-induced caspase activation (Fig. 5E). As with RSK4 silencing, increased apoptosis 

in response to trovafloxacin associated with decreased expression of BCL2 and cIAP1/2, 

an effect not seen with either ciprofloxacin (non-RSK4 inhibitor) or BI-D1870 (Fig 5F, 
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fig. S11D). Moreover, trovafloxacin treatment reproduced the inhibition of cell migration/

invasiveness (Fig. 5G-H, fig. S11E-F) and EMT reversal (fig. S11G) previously observed 

with RSK4 silencing in A549 cells. Other RSK4-targeting floxacins (moxifloxacin, 

tosufloxacin) shared this ability, whereas non RSK4-targeting compounds (ciprofloxacin, 

danofloxacin) did not impair cell invasiveness (Fig. 5H). In addition, differential scanning 

fluorimetry assays demonstrated that trovafloxacin bound the inactive/dephosphorylated, but 

not the fully-active, RSK4 N-terminal kinase domain (RSK4-NTKD) (Fig. 5I), supporting 

the selectivity profile previously seen for moxifloxacin. In contrast, ciprofloxacin failed to 

bind RSK4 in the same assay (fig. S11H), explaining why this compound fails to inhibit 

this kinase. Last, we tested 10 μM trovafloxacin, corresponding to the IC50 of this drug on 

recombinant RSK4, against a panel of 140 kinases in an in-vitro activity screen. No other 

kinase was substantially inhibited by trovafloxacin at this concentration (Supplementary 

Excel data file). In short, trovafloxacin appears to be a reasonably-selective allosteric RSK4­

NTKD activation inhibitor.

RSK4-NTKD crystal structures

To obtain structural and mechanistic information on RSK4 and elucidate how it might be 

allosterically regulated, we solved the crystal structures of the phosphorylated (pS232) and 

dephosphorylated RSK4-NTKD, as well as the S232E phospho-mimetic mutant (table S1, 

fig. S12A-C). All three structures display a classic bilobal protein kinase fold (Fig. 6A), 

with the activation loop, which runs between the C- and N-lobes, well-ordered and visible 

in dephosphorylated and pS232 RSK4-NTKD structures. The overall folding of these NTKD 

versions is identical, with an RMSD of 0.35 Å between RSK4 NTKD chain A and RSK4 

NTKD S232E chain A, and 0.33 Å between RSK4 NTKD chain A and RSK4 NTKD 

pS232 chain A.The two molecules in the asymmetric unit of the RSK4 NTKD pS232 are 

in the same orientation seen for the dephosphorylated protein, with only 2.6 Å translation 

of chain B in respect to its relative position in RSK4 NTKD when using chain A as 

reference. During the refinement stage of RSK4 NTKD pS232, we found a well-defined 

electron density on the activation loop of chain A in which it was possible to model the 

phosphate of phosphorylated S232 (fig. S12A). The phosphorylation is oriented inward and 

points towards D197, part of the HRD motif, and, at the same time, the side chain of 

D197 moves ~1.3 Å closer to the activation loop compared to its relative position on the 

dephosphorylated structure.

In all three structures the top part of the C-helix, present in classical protein kinase topology 

(17), is disordered with the bottom part forming a helix that swings away from its classical 

position in PKA by up to 12 Å (Fig. 6B). In this new position, the C-helix is not involved 

in any catalytic activities. In its place lies the βB-sheet formed by β1-β5-β10 (residues: 

52-56, 109-115, 220-222). The βB-sheet has been previously seen in both MSK1- and 

RSK2-NTKD crystal structures (18, 19), suggesting that this motif may characterise AGC 

family members with two kinase domains on the same polypeptide chain. Furthermore, 

in agreement with the RSK2-NTKD structure (18), our data suggest that the βB-sheet is 

a structural feature of both inactive and active states. This was confirmed by far UV CD 

spectra of the three proteins, which are characteristic of a mixed αβ secondary structure 

content and suggest the absence of major conformational changes between inactive and 
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active states (fig. S12A, fig. S12D). This absence may facilitate RSK4 activation, as it 

would lower the energy barrier to reach the active state and is consistent with the high 

autophosphorylation property of RSK4 and with evidences that basal cellular kinase activity 

of ERK1/2 can already activate RSK4 to 30-50 % (20). The three structures have similar 

active site organisation and AMP-PNP coordination (fig. S12C). Specifically, the N1 and 

N6 of the AMP-PNP adenine ring form hydrogen bonds with the backbone of L155 and 

of D153, as well as hydrophobic interactions with L205, A103, V87 and L79. The position 

of the α- and β-phosphate groups is stabilized by interactions with the side chains of the 

conserved residues K105, N203, K221, T215 and F84. The γ-phosphate interacts with 

K200, which is indispensable for the formation of enzymatic intermediate during catalysis. 

The AMP-PNP phosphates are in an optimal alignment for transferring the γ-phosphate 

to the substrate (17) in all three structures. The major difference in the active sites as 

compared to a typical protein kinase is the contribution of residues from the βB-sheet motif, 

particularly K221. The residue K221 extends down from β10 of the βB-sheet, and inserts 

directly into the active site, interacting with D216 (part of the DFG motif) and with the 

β-phosphate of the AMP-PNP and the three together should coordinate a Mg ++ ion (due to 

resolutions limits, we have not been able to confidently place Mg ++ ions in the structure), 

which help the correct positioning required for ATP binding and catalysis (17). Furthermore, 

K221 produces an interaction network similar to that of K72 in PKA, known to be important 

in catalysis. This arrangement is almost identical to the active site of RSK2 NTKD (18) 

(fig. S12C), where mutations of K216, equivalent of K221 in RSK4, caused impaired RSK2 

NTKD activity (18). Taken together, these structural data strongly confirm the importance of 

K221 for RSK4 function.

A unique feature of dephosphorylated and pS232 RSK4-NTKD structures is the presence 

of a second AMP-PNP molecule which could be modelled with full occupancy (Fig. 6C). 

This AMP-PNP contacts a symmetry equivalent molecule and is important for crystal lattice 

formation. It is located in a surface area absent in classical AGC kinases, created through 

structural rearrangement caused by formation of the βB-sheet and the displacement of the C­

helix. The AMP-PNP molecule in the secondary site is stabilised by a network of hydrogen 

bonds with water molecules and the side chains of residues C234, H250, Q81, K86, R247, 

D225 and K113. C234 and H250 together with the β- and γ-phosphates coordinate in a 

“Zing Finger”-like way a Zn++ ion. This tetrahedral coordination clearly distinguishes this 

Zn++ ion from a Mg++ ion. This coordination is identical in the dephosphorylated and pS232 

RSK4-NTKD structures. We speculated that this unique surface is a “hot spot” (21) and 

represents a promising target for drug design.

RSK4 hydrophobic motif interaction site

Many AGC kinases possess a hydrophobic motif (HM), located C-terminal of the kinase 

domain, that is phosphorylated to achieve maximal activity (22). In classic AGC kinases the 

HM wraps around the N-lobe, where a phosphate-binding pocket is localized, and stabilizes 

the active conformation of the C helix (23) (24). For RSK1-3, phosphorylation of the HM - 

found within the linker region - acts to recruit PDK1, which then phosphorylates the NTKD 

activation loop, resulting in activation of these RSKs. However, because RSK4 activation 

is PDK1-independent (20), we investigated the role of the HM in this process. Due to the 
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presence of the βB-sheet the phosphate-binding pocket of RSK4-NTKD is rotated ≈50° 

clockwise compared to that of other AGC kinases. Moreover, this pocket is where we 

located the second AMP-PNP molecule (Fig. 6C). We used this information to guide a 

restrained docking simulation (25) using our RSK4-NTKD structure and a fully flexible 

phosphorylated peptide encompassing the HM sequence (NAHQLFKGF-pS-FVATSIAEE). 

HADDOCK (25) produced two clusters of solutions which represents 98.5 % of the water­

refined models the software generated and the best one had a score of -189.0 +/- 18.2, 

a cluster size of 190 with RMSD from the overall lowest-energy structure of 1.5 +/- 1.2 

Å and a Z score of -1. The most striking feature of the model generated by HADDOCK 

(26) is the position of the pS389 that occupies the same area of the γ-phosphate of the 

second AMP-PNP molecule, supporting our hypothesis that the latter is mimicking the 

HM (Fig. 6D). Specifically, the pHM position is mainly stabilised by a large network of 

hydrophobic interaction, while the pSer 389 forms H-bonds with E54, K113, C234 and 

R247. Taken together, our bioinformatics studies identified a potential phosphate-binding 

pocket in RSK4-NTKD.

Mathematical models based on the RSK4-NTKD structure predict an allosteric binding site

To obtain structural information about trovafloxacin binding to RSK4 we tried soaking and 

co-crystallisation experiments using both RSK4-NTKD and RSK4-NTKD S232E. Resulting 

crystals either did not contain trovafloxacin or failed to diffract. Consequently, as our 

wet-lab experiments suggested that trovafloxacin is an allosteric inhibitor, we adopted 

Markov Transient Analysis (MTA). This atomistic graph-theoretical approach can identify 

allosteric hotspots on the RSK4-NTKD without any a priori knowledge other than the 

location of the active site. MTA quantifies the speed at which a random walk diffuses on the 

atomistic protein graph constructed from interatomic strong and weak chemical interactions 

by computing the half-time t1/2 for each atom (27). We applied MTA to our RSK4-NTKD 

structure to establish the specific pattern of propagation of perturbations originating from 

the active site and diffusing into the rest of the protein (Fig. 6F). Using quantile regression 

(28) (29) on the computed t1/2, MTA identified a statistically significant hotspot (residues 

with ≤5% significance level) that corresponded to the second AMP-PNP binding site (Fig. 

6G). The identified allosteric site exhibited a direct communication pathway with the 

active site (Fig. 6F), as confirmed in more detail through exhaustive computational alanine 

screening (fig. S13A-B). Each residue was individually alanized computationally to identify 

mutations that perturbed the communication between the active and obtained allosteric sites. 

Significant residues (one-sided, Z > 1.64, p < 0.05, red) under alanisation (fig. S14A) 

formed one of two different pathways connecting the active and allosteric sites (fig. S14B). 

Taken together, our data suggest that the second AMP-PNP binding site represents an 

allosteric site on the RSK4-NTKD.

Trovafloxacin docking and impact on Markov transient propagation

We performed molecular docking of Trovafloxacin using AutoDock Vina (30) around the 

site where the second AMP-PNP molecule sits in our crystal structures. This suggested 

that trovafloxacin bound to that site with a favourable energy of −8.1 kcal/mol (Fig. 6E), 

which corresponded well with our in vitro inhibition data. We noticed that trovafloxacin 

and the allosteric inhibitor positive controls sarafloxacin and tosufloxacin tosylate had a 
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similar overall architecture and were predicted to bind RSK4 in a similar way (fig. S13C). 

In contrast, the non-inhibitor negative controls ciprofloxacin and clinafloxacin, which have 

a more liner structure, occupied a slightly different site on RSK4 (fig. S13D). This may be 

connected to the predicted 1.5 order of magnitude difference in the binding energy between 

RSK4 allosteric inhibitors (−8.3 and −8.4 kcal/mol for sarafloxacin and tosufloxacin 

tosylate, respectively) and non-inhibitors (−6.6 and −6.7 kcal/mol for ciprofloxacin and 

clinafloxacin, respectively). Comparison of the trovafloxacin docking model with the RSK4­

NTKD X-ray structure showed that the naphthyridine and phenyl moieties of trovafloxacin 

occupied the same cavity where the adenine ring of the second AMP-PNP molecule sits, 

whereas the azabicyclo group pointed outwards and occupied the same area as the ribose 

and α-phosphate of the AMP-PNP (Fig. 6C and E). To further validate this binding pose, 

we repeated the molecular docking using alternative software, GLIDE (31). The top-ranked 

pose, nearly identical to the one obtained using AutoDock Vina (fig. S13E), had a binding 

free energy (MM-GBSA ΔGbind) of -31.93 kcal/mol.

To assess the impact of trovafloxacin binding to the second AMP-PNP site, we again 

employed MTA to test the reverse propagation of perturbations originating from the 

allosteric site into the rest of the protein in the presence or absence of AMP-PNP and our 

inhibitor. Despite the close similarity of the binding for the two molecules, MTA revealed a 

marked change in the communication pathways originating from the trovafloxacin-binding 

site as compared to those originating from the AMP-PNP-binding site (Fig. 6H). In 

particular, MTA revealed enhanced communication from the trovafloxacin site to the active 

site, whereas propagation from the AMP-PNP site displayed direct communication with the 

activation loop and lower lobe of RSK4 (fig. S13F). These data suggest that the binding 

of trovafloxacin would impact the active site, providing a rational for the activity of this 

compound on RSK4 activation.

Determination of trovafloxacin’s binding site on RSK4 through hydrogen/deuterium 
exchange

To gain further insight into the mechanism of action of trovafloxacin, we carried out 

hydrogen/deuterium exchange studies with RSK4 in the presence or absence of the drug. 

In this analysis, the protein is exposed to deuteriated water (D2O), which allows hydrogens 

on the protein backbone amides to be exchanged for deuterium. The exchange is stopped 

at various times by reducing the pH, the protein is digested with pepsin, and the deuterium 

content of peptides determined by mass spectrometry (32). Because the rate of exchange is 

dependent on the tertiary structure (degree of hydrogen bonding) and solvent accessibility of 

amide hydrogens, such studies can yield information about binding or protein conformation, 

which are revealed by changes in the kinetics of deuterium incorporation into specific amino 

acids/peptides (33) (34).

Figure 6I shows a difference plot in daltons of each RSK4 peptide induced by the presence 

of trovafloxacin, averaged over all replicates and time points. Three regions, each covered by 

peptic peptides (fig. S14A), showed a reduction in exchange. One of these regions (533-552) 

was towards the NTKD’s C-terminus, whereas a second was adjacent to this in the NTKD 

kinase C-terminal region (627-636). A third region (246-279) N-terminal to the NTKD also 
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showed reduced uptake of deuterium, but was outside of any predicted domain. The butterfly 

plot indicates that all three sites showing reduced uptake are in regions of sequence that 

are more exposed to bulk solvent. From the uptake kinetics these sites are predicted to be 

unstructured loops rather than α-helices or β-sheets (fig. S14B). The positions of protection 

suggest that trovafloxacin is not binding directly in the active or nucleotide binding sites of 

RSK4, but instead has an allosteric effect, inducing a conformational change in the overall 

structure of RSK4. The overlap between the docking data, the Markov transient analysis 

and the deuterium exchange results suggest that the 627-636 stretch in our tagged protein 

(aa 398-407 on RSK4) corresponds to the region of trovafloxacin binding, whereas the 

other protected sites undergo subsequent conformational changes as a result of the allosteric 

nature of this region. Other minor differences observed were close to the background error 

of the system and therefore were considered non-significant.

Trovafloxacin and the role of the HM in RSK4 activation

Our data suggest that both trovafloxacin and the HM interact with the second AMP-PNP 

binding site on the RSK4-NTKD (Fig. 6C-E). As MTA predicts this region is an allosteric 

site, we hypothesized that the HM may affect the autophosphorylation rate of RSK4-NTKD. 

To test this hypothesis, the RSK4-NTKD was incubated in presence of saturating amount 

of ATP/Mg2+ alone or with the HM synthetic peptides HP (NAHQLFKGFSFVATSIAEE) 

or pHP (NAHQLFKGF-pS-FVATSIAEE) corresponding to residues 380-398 of RSK4 

(fig. S15). RSK4-NTKD autophosphorylation was measured over time using a phospho­

Ser232-specific antibody. Incubation with pHP promoted RSK4-NTKD autophosphorylation 

compared to that of the HP or the RSK4-NTKD alone (fig. S15). Taken together, our data 

suggest that the phosphorylated HM binds RSK4-NTKD to increase its autophosphorylation 

rate. This explains how trovafloxacin inhibits RSK4 activation through preventing HM 

docking to the phosphate-binding pocket of the kinase.

Trovafloxacin inhibits tumour growth and sensitises tumours to drug treatment in vivo 

Having shown how trovofloxacin might mechanistically impair RSK4 activation and that 

it reproduces the biological effects of RSK4 downregulation in vitro, we assessed the 

activity of this drug in vivo. Luciferase-encoding A549 cells (A549-Luc) were injected 

subcutaneously into nude mice. Once tumours became palpable, the mice were randomised 

to receive or not daily oral gavage of trovafloxacin (30 mg/kg) and weekly intraperitoneal 

injections of cisplatin (5 mg/kg) for 14 days. Bioluminescent whole-animal imaging 

performed on the first and last days of treatment after injection of luciferin (Fig. 7A, fig. 

S16A) shows that, as for RSK4 CRISPR cells, administration of trovafloxacin significantly 

(p<0.05) decreased tumour growth compared to vehicle-only treatment and the effect of 

the trovafloxacin/cisplatin combination was superior to that of cisplatin alone (p<0.01). 

This potentiation of cisplatin response was consistent with the statistically significant 

increase in caspase 3 cleavage observed in tumour samples from animals treated with 

the drug combination as compared to trovafloxacin (p<0.001) or cisplatin alone (p<0.01) 

(Fig. 7B, fig. S16B). The ability of trovafloxacin to potentiate response to cisplatin 

was further confirmed in the KRASV12/TP53-/- (KP)-driven genetically-engineered mouse 

model where spontaneous lung adenocarcinoma tumours are triggered through adenoviral 

Cre-recombinase delivery (35) (Fig. 7C-F). This was consistent with trovafloxacin-induced 
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molecular changes in cells isolated from KP tumours, such as decreased cIAP2 expression 

and increased caspase 3 cleavage, similar to those seen in A549 cells (Fig. 7C, fig. S16C), 

whereas the RSK4 non-targeting compounds ciprofoxacin failed to elicit such changes. 

The trovafloxacin/cisplatin combination was associated with decreased tumour number and 

volume as assessed by macroscopic observation (Fig. 7D) and by μCT scanning (Fig. 7E-F, 

fig. S16D, movie S1 and S2). For bladder cancer, as we lacked a genetically engineered 

mouse model, we instead employed a recently described human cancer explant system (36). 

We demonstrated that the cisplatin/trovafloxacin combination was beneficial in 3 out of 4 

patient-derived bladder cancer explants, with synergistic effects observed in two and additive 

effects in one (fig. S16E). The last patient’s tumour showed extreme sensitivity to cisplatin 

alone so the added benefit of trovafloxacin could not be assessed. Collectively, our results 

suggest that administration of RSK4-targeting floxacins may provide clinical benefit in 

patients with lung adenocarcinoma and bladder cancer.

Levofloxacin inhibits RSK4 in vitro and prolongs survival of patients with cancer

Because floxacins are frequently used in the clinic to prevent infections in patients 

undergoing chemotherapy we wondered whether this could be associated with improved 

OS. A large placebo-controlled randomised phase 3 study (SIGNIFICANT Trial) (fig. 

S17) demonstrated that levofloxacin reduced infective complications in patients undergoing 

chemotherapy in several cancer types, including lung and bladder cancer (37). HTRF assays 

revealed that levofloxacin inhibited RSK4 activation, resulting in decreased cellular cIAP1 

and cIAP2 expression (fig. S18A-B) at concentrations achievable from the dose given in the 

clinical trial (38, 39). We therefore undertook a retrospective exploratory analysis of 1565 

SIGNIFICANT trial patients to investigate whether the use of prophylactic levofloxacin 

during chemotherapy treatment had an effect on long-term OS. In patients adhering to trial 

treatment (n=937), OS was significantly longer for those taking levofloxacin compared to 

placebo (median OS 72 versus 59 months, respectively, HR 0.83; 95% CI 0.69-0.999; p 

=0.048; fig S18C -left). Analysis of non-adherent patients (n=543) further substantiated 

this levofloxacin effect by showing no difference in OS (HR=1.11; 95% CI 0.89-1.40; 

p=0.36; fig S18C -right). Sensitivity analysis showed that excluding patients who died 

during treatment did not change the conclusions and thus this improvement in OS could 

not be due to a reduction in infective deaths due to the antibacterial effect of levofloxacin. 

The hazard ratio was further improved for lung and bladder cancer patients compared to 

the entire cohort (fig. S18D). Collectively, these results provide intriguing clinical evidence 

that a RSK4-targeting floxacin might also potentiate the effects of anticancer treatments and 

improve survival particularly in patients with lung or bladder cancer.

Discussion

Our findings demonstrate the role of RSK4 as a tumour promoter in lung adenocarcinoma 

and bladder cancer cells. Overexpression of this kinase lead to drug resistance and increased 

cell migration in lung and bladder cancer cell lines in vitro, and correlated with poorer 

survival in lung adenocarcinoma patients. Conversely, silencing this kinase using RNA 

interference or CRISPR-mediated knock-out, sensitised cells to chemotherapeutic drugs, and 

prevented invasion in vitro and in vivo. Our data were consistent with findings in renal 
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carcinoma (6, 7), but conflicted with the proposed role of RSK4 as a tumour suppressor in 

breast cancer (3, 4, 40). Several explanations might account for this discrepancy including 

a tissue-specific role of RSK4 or differential expression of RSK4 splice variants as at 

least two protein-coding transcripts for RSK4 are reported in Ensembl; RPS6KA6-201 

and RPS6KA6-204. Further work is necessary to elucidate these seemingly conflicting 

tissuespecific data.

Our observations led us to hypothesize that a selective RSK4 inhibitor might represent a 

valuable therapeutic tool in the treatment of lung and bladder cancer. Indeed, RSK4 protein 

is overexpressed in the majority of lung malignancies, especially in adenocarcinoma, but 

undetectable in normal lung and poorly expressed in most other tissues (1). Similarly, 

bladder cancer samples show increased RSK4 mRNA expression compared to matching 

normal tissue. Hence, RSK4 inhibitors could exhibit some degree of specificity for these 

cancers. Moreover, the fact that RSK1, unlike RSK4, is well expressed in a variety of 

normal human tissues (1) may suggest that a RSK4-selective, rather than pan-RSK, inhibitor 

would be preferable. In support of this, our previous research showed that RSK1 silencing 

promoted invasion of lung cancer cells (8), an effect also seen in A549 cells with the 

pan-RSK inhibitor SL0101 but not the pan-RSK inhibitor BI-D1870 (41). Furthermore, we 

showed here that RSK1 in contrast to RSK4 silencing rendered lung and bladder cancer cell 

lines chemo-resistant. S, while silencing RSK2 or RSK3 either led to inconsistent biological 

outcomes across cell lines or had no impact on cell migration and drug response (8, 9). Thus, 

it appears crucial that a therapeutically useful RSK4 inhibitor should avoid targeting RSK1 

at the least.

Prior crystal structure data for the NTKDs of RSK1 and 2 (18) compared to that shown for 

RSK4 in the present paper reveal that the active sites for all three kinases are essentially 

identical. Consequently, the best hope of a RSK4 selective inhibitor might be a molecule that 

binds allosterically rather than in an ATP competitive fashion. The floxacins were originally 

developed as antibiotics (42) but our results show that some members of this family appear 

to selectively inhibit the activation of RSK4 through allosteric binding. This occurs via a 

second AMP-PNP binding site not conservered in other AGC kinases providing a likely 

mechanism for RSK4-selectivity. Several questions arise from our observations including 

whether the antibiotic function of floxacins is necessary for inhibition of RSK4 activation 

and whether floxacins could be re-purposed for use as an anticancer agent in the clinic?

A clue to answering the first question is provided by our finding that whilst all floxacins 

are antibtioics, several family members such as ciprofloxacin and danofloxacin fail to 

impair RSK4 activation. This combined with the information on the RSK4 binding site 

for active floxacins should enable chemistry to derive new allosteric inhibitors lacking the 

antibiotic function but nevertheless maintain RSK4 targeting. Loss of floxacin antibiotic 

function could be clinically advantageous in potential cancer therapy. This is because 

prolonged use of these agents can cause serious antibiotic-induced complications including 

severe diarrohea due to clostridium difficile toxin as well as facilitating a rise in bacterial 

antibiotic resistance (43, 44). It is unknown whether dissociation of antibiotic from RSK4 

targeting effects of floxacins will be possible and whether this would remove all unwanted 

side-effects, but it seems likely it would eliminate the diarrhoea and issues related to 
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bacterial resistance. Intriguingly, results from several studies in cancer patients receiving 

chemotherapy provide tentative hope that at least one RSK4 targeting floxacin, levofloxacin, 

is well tolerated (44). Whilst there is good data to show that use of floxacins such as 

levofloxacin, prevents neutropaenic sepsis and it’s related acute deaths in cancer patients 

undergoing chemotherapy, there was no evidence to inducate that this might improve longer­

term survival. Data presented here suggest that at least for levofloxacin, cancer patients 

taking this drug as part of the SIGNIGICANT trial do survive longer leading us to speculate 

that this benefit could be due to inhibition of RSK4. However, other reports show that 

floxacins may exert distinct effects on cancer cells such as impaired mitochondrial function 

and oxidative stress responses (45) which may be independent of RSK4 targeting so further 

work is needed.

So how could RSK4 inihibtion impair cell migration/invasion and enhance chemotherapeutic 

effects in lung and bladder cancer cells? Prior data in other RSKs across several cancer 

types have not revealed any clear mechanistic data for RSK4 (46). Here, we have provided 

some evidence that RSK4 enhances resistance to chemotherapeutic drugs at least in part 

by increasing cIAP2 protein levels through a transcriptional mechanism. However, how 

enhanced transcription of its mRNA is achieved is not yet clear although this is not 

dependent on NFkB. We also provide some evidence that RSK4 phosphorlyates Ser89 of 

p300 likely leading to increased RELA nuclear localisation and enhanced activity of NFkB 

thereby increasing EMT and metastatic behaviour.

There are several limitations of our study and some are now discussed. Firstly, we have 

not provided a formal demonstration of trovafloxacin specificity for inhibiting RSK4 as 

opposed to RSK1 activation. This would require the development of an in vitro RSK1 

activation assay which is complicated by the fact that both ERK2 and PDK1 would be 

needed and our attempt to develop this have so far failed. However, our preliminary 

data show that trovafloxacin does not inhibit the activation of RSK1 in cells. Secondly, 

further research is required to provide definitive proof of endogenous interaction between 

RSK4 and p300 and to conclusively show how this mediates the EMT changes observed. 

Thirdly, although our prior research (8) and results shown here demonstrate that RSK1 

and RSK4 have opposite biological outputs in regulating invasion and chemo-sensitivity of 

lung cancer cells, the downstream mediators responsible are currently unclear. Large scale 

omics analysis assessing the effects of RSK1 and RSK4 silencing and over-expression are 

required to identify potential discriminating effector pathways. Forthly, some, but not all 

floxacins, are potent RSK4 activation inhibitors. However, our current data do not provide 

sufficient structure-activity relationship information to clearly define the reason behind this 

selectivity. Finally, the re-analysed SIGNIFICANT trial data do not establish that the reason 

for improved survival with levofloxacin is anything to do with RSK4 inhibition. Indeed, a 

proof of concept trial is urgently needed to test this hypothesis in patients.

In summary, we have identified RSK4 as a mediator of tumour metastasis and chemotherapy 

resistance in vitro and in vivo and as a potential therapeutic target in lung and bladder 

cancer. Our drug screen identified certain floxacins as RSK4 allosteric inhibitors with 

our structural and in-silico modelling work providing a potential site for their binding. 

Collectively, our data suggest that RSK4-targeting floxacins such as levofloxacin could be 
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re-purposed for proof-of-concept combination studies with existing chemotherapeutics in 

patients with lung and bladder cancer.

Materials and Methods

Study design

The aim of this study was to highlight the role of RSK4 in invasiveness and chemoresistance 

of lung and bladder cancer cells and show how targeting this kinase may represent an 

effective therapeutic strategy for these cancers. We silenced or induced RSK4 expression in 

lung AdCa and bladder cancer cell lines and studied the molecular mechanisms involved 

in modulating the above processes using molecular biology, biochemical, and phenotypic 

analysis. We also screened for and identified RSK4 activation inhibitors that reproduced 

the molecular and phenotypic changes observed through RSK4 silencing. We validated our 

findings through varied corresponding mouse or explant models and proposed mechanism 

of action for the inhibitors based on structural, mathematical, and biochemical approaches. 

For in vitro or cell culture experiments, at least three independent biological replicates per 

condition were used for statistical analysis. For animal experiments, the work was performed 

under UK Home office approved project licenses and in accordance with institutional 

welfare guidelines. Analysis of Ct scan images to measure changes in tumour volume 

was done blinded. Animals were treated without knowledge of anticipated outcomes. No 

data points were removed as outliers.Cohort sizes were selected based on prior work using 

the same models and corresponding power analyses to provide power of 0.8 and P<0.05. 

Tumour-bearing animals were randomized before treatment. Animals showing no tumour 

growth prior to treatment administration were excluded from further analysis. Last, we 

searched for prior clinical trials using floxacins in cancers including lung and bladder to ask 

if there was any evidence that use of such antibiotics might extend patient survival. Further 

methods details are provided in the Supplementary Materials.

Statistical analysis

Statistical testing was performed using Prism (GraphPad) or Excel (Microsoft). Most 

experiments were analyzed by one-way ANOVA with Tukey’s, Dunnett’s or Benjamini­

Hochberg correction multiple comparison or with two-tailed unpaired Student’s t-test. For 

datasets where the reduced count did not allow normality test, a normal distribution was 

assumed on the basis of data distribution. For all statistical analyses, significance was 

accepted at the 95% confidence level (P < 0.05) and significance levels indicated. Error bars 

in all figures represent the SEM as a measure of the accuracy of the mean values shown 

unless otherwise stated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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One-sentence summary

RSK4 promotes invasiveness and drug resistance in lung and bladder cancer and 

inhibition of this kinase shows therapeutic potential.
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Figure 1. RSK4 downregulation sensitises lung and bladder cancer cell lines to chemotherapy.
(A-C) A kinome siRNA screen reveals modulators of taxol and cisplatin response in T24 

bladder cancer cells. (A) Dot plot of ratio of cell number change in response to drug 

treatment for cells silenced for individual targets over those transfected with non-targeting 

(NT) sequences. (B) Venn diagram of targets modulating response to cisplatin with or 

without taxol. (C) Number of validated targets in T24, TCCSUP, and J82 bladder cancer 

cells out of the 23 screen hits. (D) Effect of siRNA-mediated silencing in T24 or A549 

or (E) CRISPR-mediated knock-out of RSK4 in A549 cells on cell survival to cisplatin 
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(T24-3.5 μM and A549-12.5 μM) or taxol (T24-40 nM and A549-58 nM). (E-upper) Lysates 

from RSK4 CRISPR clones (#1,#2) analysed by Western blotting (WB) for RSK4 knock-out 

efficiency. (E) #1 and #2 refer to two separate clones of RSK4-CRISPR cells. (F) RSK4 

silencing effect on drug-induced caspase-3/7 activation and (G) DNA damage in T24 and 

A549 cells. Cells transfected with RSK4-siRNA for 48h were treated with cisplatin or taxol 

and substrate-based caspase activity or γH2AX expression measured. (H) RSK4 silencing 

effect on baseline apoptotic pathway activity in A549 cells. (I) RSK4 downregulation effect 

on BCL2, cIAP1, and cIAP2 expression. (J) A549 cells treated with siRNA for 48h analysed 

by RT-qPCR. (A, D and E) Cell number assessed by Crystal violet staining and normalised 

to the corresponding control condition. (A) Data are average of four individual siRNA 

sequences per target. (D-J) Data representative of n=3. (D-G and J) Data are mean ± SEM of 

n=4. (D, H, I) Tubulin or vinculin was used as loading control.
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Figure 2. RSK4 downregulation inhibits the pro-metastatic program.
(A-G) A549 and T24 cells transfected with/without RSK4, RSK1 and non-targeting (NT) 

siRNAs or RSK4 and empty-vector (EV) cDNAs were analysed 48h or 72h later. (A) 
Random-walk assays determined cell speed (left) and single-cell trajectories (right). (B) 
Cells were covered with collagen-I and overlaid with EGF for chemotaxis. 48h later, cells 

were stained with Cytox Green before confocal imaging to determine the extent of invasion. 

Data are mean ± SEM of 36 fields-of-view/condition. (C) Cells were stained for actin before 

fluorescent microscopy. Images are representative of 36 fields-of-view/condition. Scale bar: 
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10μm. (D) Cell lysates were analysed by SDS-PAGE/WB. Vinculin was used as loading 

controls. (E) Cells transfected with a RelA-Firefly luciferase reporter construct and a Renilla 

luciferase control vector were then transfected with siRNAs and lysates and analysed for 

Firefly luciferase activity normalised to the Renilla luciferase control. (F) cytoplasmic 

(Cyto) and nuclear (Nuc) fractions were analysed by SDS-PAGE/WB. Ubulin and Lamin 

B were used as loading controls. (G) Cell lysates were analysed by SDS-PAGE/WB. 

HSP90 was used as a loading control. (H) Recombinant p300 (1μg) was mixed with or 

without recombinant RSK4 (200ng) and γATP for 5 min prior to SDS-PAGE/WB analysis. 

(I) A549 and T24 cells transfected with/without RSK4, RSK1 and non-targeting (NT) 

siRNAs were split equally 48h later between adherent and ultra-low adhesion plates for 24h 

prior to re-adhesion. Cell numbers were determined by Crystal violet staining and ratio of 

suspension-treated to only-adherent cultures represented as mean ± SEM of n=4. Data are 

representative of at least biological triplicates. Statistics: Student’s t-test (B, I and E) and 

ANOVA (A) with n.s.; not significant, *; p<0.05, **; p<0.01, ***; p<0.001.
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Figure 3. RSK4 is overexpressed in lung cancer and correlates with poor survival in patients with 
lung adenocarcinoma.
(A-C) Normal (n=25) and cancerous (n=183) lung FFPE samples were stained with H&E 

or a RSK4 antibody followed by 3,3’-Diaminobenzidinedevelopment. (A-left) Examples of 

RSK4 staining in normal lung and RSK4-negative and -positive adenocarcinoma (AdCa) 

samples. Scale bar: 30 μm. (A-right and B) Percentage of samples showing positive (pos) 

or negative (neg) RSK4 staining shown for (A) all primary (Iary) lung cancer samples or 

(B) lung cancer (LC) subtypes. SCC; squamous cell carcinoma, SCLC; small-cell LC. (C) 
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RSK4 staining semi-quantitative scores for each LC subtype. (D) Comparison of RSK4 
mRNA expression between AdCa, SCC, and normal lung samples in TCGA RNA-Seq data. 

Statistics: t-test; ns, not significant. (E) Overall survival of patients with AdCa or SCC 

with high or low tumour RSK4 mRNA expression. Cut-off: median value. (F) Comparison 

of post-mortem matched primary and metastatic AdCa (n=26) and SCC (n=20) lesions for 

RSK4 IHC staining scores. Percentage of cases where metastatic lesions expressed more 

(Met>Primary) or less (Met≤Primary) RSK4 than the primary site. Average IHC scores are 

shown. Statistics: (C) ANOVA; ***; p<0.001, **; p<0.005 and *; p<0.05.
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Figure 4. RSK4 downregulation impairs growth of lung adenocarinoma xenografts, sensitises to 
chemotherapy, and reduces metastatic potential of lung cancer cells.
(A-B) Non-targeting (NT) or RSK4 CRISPR A549 cells were injected subcutaneously in 

nude mice and tumour growth rate (A) or fold volume change at Day-46 following treatment 

cycle with/without cisplatin (B) monitored. (C) A459 NT or RSK4 CRISPR cell clone #1 

were injected through the tail vein of SCID mice. Animals were sacrificed 2 months later 

and their lungs paraffin-embedded. 10 sections (each separated by 60μm) were H&E stained 

and numbers of (lower), and lung area colonised by (upper) tumour nodules quantified. 
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Upper: dots represent individual lung sections. Statistics: ANOVA (A-B) and Student’s t-test 

(C). n.s.; not significant, *; p<0.05, **; p<0.01, ***; p<0.001.
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Figure 5. Trovafloxacin, an inhibitor of RSK4 activation, reproduces the biological effects of 
RSK4 silencing.
(A) Diagram of the drug screening process. (B) Moxifloxacin, trovafloxacinand 

ciprofloxacin differ in their ability to inhibit activation of RSK4 by ERK2 in HTRF assays. 

(C-D) A549 cells incubated with the indicated concentration of floxacin for 1h were treated 

with cisplatin (12.5 μM) for 72 h (C) or 24 h (D). (C) Cell viability determined using 

Alamar Blue. (D) Caspase activity determined using a substrate-based fluorigenic assay. (E) 
Relation of cisplatin sensitisation by trovafloxacin in A549 cells to RSK4 expression. NT; 

Chrysostomou et al. Page 31

Sci Transl Med. Author manuscript; available in PMC 2022 January 14.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



non-targeting siRNA, EV; empty-vector DNA, oeRSK4; overexpressed RSK4, si5’UTR­

RSK4; 5’UTR RSK4 mRNA-directed siRNA. (F) Lysates from A549 cells treated with or 

swithout trovafloxacin (Trova) for 24 h were analysed by SDS-PAGE/WB. Vinculin used 

as loading control. (G) Random cell migration or (H) 3D collagen-I invasion in A549 

cells treated with indicated inhibitors (10 μM). Dano; danofloxacin, Tosu; tosufloxacin 

tosylate, Moxi; moxifloxacin. (I) Trovafloxacin binding tos inactive (dephosphorylated, 

APO) and not fully-active (ATP) RSK4-NTKD. Tm-shift assay performed over the indicated 

temperature range (left) and parameters recorded (right). (B-H) Results representative of at 

least three independent repeats. Data are mean (B-D and F) or median (G-H) of n=4 ± SEM. 

Statistics: ANOVA. *; p≤0.05, **; p≤0.01, ***; p≤0.001.
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Figure 6. RSK4-NTKD structure and trovafloxacin binding site prediction.
(A) Structure of dephosphorylated RSK4-NTKD. (B) Overlay of dephosphorylated RSK4­

NTKD and PKA structures showing the characteristic βB-sheet and α2-helix of RSK4­

NTKD as opposed to the C-helix of classical AGC kinases. (C-E) Docking of second 

AMP-PNP (C), the phospho-HM peptide (D) and trovafloxacin (E) to the RSK4-NTKD. 

Inserts: view of interaction residues. Colours: βB-sheet; red, activation; teal, H-bonds; 

yellow dotted lines. AMP-PNP, trovafloxacin and hydrophobic motif FXXF-pS-F residues 

coloured by element. Key binding site residues shown in ball-and-stick. (F-G) Identification 

Chrysostomou et al. Page 33

Sci Transl Med. Author manuscript; available in PMC 2022 January 14.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



of an allosteric hotspot in RSK4 through Markov transient analysis. (F) Propagation of 

a random walk on the protein graph, originating at the active site showingactive site 

and a hotspot where trovafloxacin and AMP-PNP bind. The evolution of the probability 

distribution (shown at t=0, 500, 1000 sec; atoms coloured from white to red with increasing 

probability) is shown relative to the trovafloxacin binding site and the upper and lower lobes 

of RSK4. (G) Top: From the RSK4 structure and location of its active site, the pathway 

is extracted through statistical quantile regression of the Markov transient times of the 

random walk, t1/2, against distance. Low quantile scores indicate residues highly connected 

to the active site (relative to their distance). Bottom: Quantile score (pR) of each residue 

mapped onto RSK4’s surface (different views). Residues below the 2% quantile connect 

the active (black ellipse) and the allosteric (green ellipse) sites. (H) The propagation of 

the random walk originating from AMP-PNP or trovafloxacin binding at the allosteric site 

exhibits different communication pathways. (I) Deuterium exchange mass-spectrometry for 

RSK4 incubated with or without trovafloxacin. Difference plot obtained by subtracting the 

incorporation of deuterium in the absence versus in the presence of trovafloxacin. Colours: 

Experimental error; light grey, other colours represent different D2O incubation times. 

Upper half of graph; more exposed regions, lower half; protected regions. RSK4 amino acid 

numbers are given for regions showing significant protection or exposure as indicated by 

being above or below the dotted red and blue lines (98% confidence limit).
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Figure 7. Trovafloxacin enhances cisplatin efficacy in A549 xenografts and KRASV12/TP53-/- 
(KP)-driven genetic mouse models.
(A-B) Nude mice injected subcutaneously with luciferase-expressing A549 cells treated 

with or without trovafloxacin and cisplatin once tumours reached 0.5cm in any dimension. 

(A) Left: representative images from each condition showing luciferase signal at day 0 

and 14. Right: Percent tumour volume change at Day 14. Red bar; median. Statistics: 

Student’s t-test, *; p≤0.05, **; p≤0.01, ***; p≤0.001. (B) IHC of end-point tumours for 

caspase-3 cleavage. (C) Differential effect of trovafloxacin and ciprofloxacin on RSK4 

Chrysostomou et al. Page 35

Sci Transl Med. Author manuscript; available in PMC 2022 January 14.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



phosphorylation (pRSK4-S232), cIAP2 expression and cleaved (Clv) caspase-3 in a cancer 

cell line isolated from KP tumours (D) Representative images of lungs from treated KP 

animals. Green stars; examples of lung tumour nodules in the vehicle-only condition. (E) 
Representative μCT scans from vehicle-only and combination-treated KP animals before 

treatment and at end-point. Individually tractable tumours indicated by numbers and green 

circles. (F) Percent volume change in individually tractable tumours in KP mice determined 

by differential analysis of CT-scans before treatment and at end-point. Dots represent 

individual tumours. Red line: median ± SEM. Statistics: ANOVA; *; p≤0.05, **; p≤0.01, 

***; p≤0.005, ****; p≤0.001 and ns; non-significant.
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