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 Excerpt from the speech of Ivo Andrić 
 Stockholm, December 10, 1961 

“…But in the end, do not past and present confront us with 
similar phenomena and with the same problems: to be a 
man, to have been born without knowing it or wanting it, to 
be thrown into the ocean of existence, to be obliged to 
swim, to exist; to have an identity; to resist the pressure 
and shocks from the outside and the unforeseen and 
unforeseeable acts – one’s own and those of others – which 
so often exceed one’s capacities? And what is more, to 
endure one’s own thoughts about all this: in a word, 
to be human.” 

Мојој породици 
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Summary 
Eukaryotic cells rely on the mitogen-activated protein kinase (MAPK) 
pathways to respond to different stimuli and change their behaviour 
accordingly. Among the MAPKs, the p38 family is primarily activated by 
stress stimuli and includes four members: p38a, p38b, p38g and p38d, of 
which p38a is the most ubiquitously expressed and better characterized one. 
The ability of p38a signalling to regulate multiple cellular processes is of 
particular interest in cancer biology, as it has been described to have both 
tumour suppressive and tumour supportive roles in different models of 
tumorigenesis. Although p38a has been suggested as a potential target to 
impair tumour progression in certain tumour types, this is not a universal 
property and the contexts determining cancer cell-intrinsic p38α dependency 
are still elusive.  
 
In an effort to investigate the p38a dependent cellular processes, we have 
performed a genome-wide CRISPR/Cas9 screening using a breast cancer 
model in which p38a depletion has been shown to be deleterious. We found 
that targeting Zcchc14 or p38d increases the viability of the p38a KO cancer 
cells, identifying them as potential mediators of the deleterious effects 
observed in the absence of p38a. Among the factors that sensitize the cancer 
cells to the loss of p38a, we identified mTOR signalling and mitochondrial 
translation as two processes whose impairment enhances the deleterious 
effect of p38a downregulation. In parallel, we have leveraged the use of 
publicly available datasets and identified 75 cancer cell lines predicted to be 
dependent on p38a signalling. We have experimentally validated this 
dependency on p38a in the MIA PaCa-2 and SUP-T1 cancer cell lines, and 
identified the p38a activators MKK3 and MEKK4 as potential co-
dependencies in a subset of the p38a dependent cancer cell lines.  
 
In summary, we describe novel potential mediators of p38a MAPK functions 
in cancer cells, and new models of cancer cell dependency on p38a. 
Altogether, these results should allow a better characterization of the 
contexts in which p38a becomes critical for cancer cell fitness. 
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Resumen 
Las células eucarióticas utilizan las vías de señalización de las MAPKs (de 
sus siglas en inglés mitogen-activated protein kinases) para responder a 
diferentes estímulos y cambiar su comportamiento en consecuencia. La 
familia de p38 MAPK se activa principalmente por estímulos de estrés e 
incluye cuatro miembros, p38a, p38b, p38g y p38d, de los cuales p38a es el 
que se expresa de manera más ubicua y está mejor caracterizado. La 
implicación de p38a en multitud de procesos celulares es especialmente 
relevante en el contexto de la biología del cáncer, ya que se ha descrito que 
tiene funciones tanto de supresión tumoral como de promotor del desarrollo 
tumoral en diferentes modelos de tumorigénesis. Por ello, aunque se ha 
sugerido que p38a es una potencial diana terapéutica en algunos tipos de 
tumores, ésta no es una propiedad universal, subrayando la necesidad de 
entender en qué situaciones la actividad de p38a puede ser importante para 
las células tumorales. 
 
En un esfuerzo por esclarecer los procesos celulares que dependen de p38a, 
hemos realizado un cribado genético utilizando la tecnología CRISPR/Cas9 
en un modelo de cáncer de mama en el cual se ha demostrado que la 
depleción de p38a reduce la viabilidad de las células. Ésta estrategia nos ha 
permitido identificar a Zcchc14 y p38d como potenciales mediadores de los 
efectos nocivos que se producen al deplecionar p38a. También hemos 
observado que interfiriendo con la vía de señalización de mTOR o con la 
traducción mitocondrial se potencian los efectos perjudiciales de la depleción 
de p38a. En paralelo, y para completar el estudio de la importancia del 
contexto en el papel de p38a en cáncer, hemos usado las bases de datos 
públicas para identificar 75 líneas celulares tumorales cuya viabilidad 
dependería, según las predicciones, de esta vía de señalización. Hemos 
validado experimentalmente esta dependencia de p38a en las líneas 
celulares MIA PaCa-2 y SUP-T1, y hemos identificado los activadores de 
p38a MKK3 y MEKK4 como potenciales codependencias en un subgrupo de 
líneas celulares dependientes de p38a. 
 
En resumen, hemos identificado potenciales mediadores de las funciones de 
p38a MAPK en células tumorales, y una serie de nuevos modelos celulares 
dependientes de p38a. Estos resultados deberían permitir una mejor 
caracterización de los contextos tumorales en los que p38a desempeña un 
papel crítico para la viabilidad de las células tumorales.  
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The complexity of cancer phenotypes 
 
In multicellular organisms homeostasis depends on the tightly regulated 
growth and function of individual cells. Cancer cells can circumvent the 
growth restraints and proliferate at the expense of neighbouring cells, 
disrupting the homeostasis of tissues and eventually impairing the function 
of the whole organism. The process in which the non-malignant cells acquire 
features that enable uncontrolled growth is known as malignant 
transformation. The transformation of non-malignant cells is a multistep 
process and the aberrations that drive the progression of tumorigenesis are 
heavily dependent on the context of the tissue. In this sense, every cancer is 
unique. There are over 100 different cancer types and subtypes described 
which is further complicated by observed heterogeneity both between 
different tumours and within the cellular composition of individual tumours. 
On top of that, tumours are not static as cancer cells continuously adapt to 
different challenges, further reshaping the tumour architecture. At a first 
glance, cancer biology resembles opening Pandora’s Box. Fortunately, 
decades of research have identified unifying features that underlie cancer cell 
tumourigenicity.  
 
The contemporary view of cancer as a disease of cells began in the 19th 
century, with Rudolf Virchow as one of the first proponents of the cellular 
origin of cancer. Although early on it became evident that cancer can occur 
upon exposure to different chemical compounds and toxins, the mechanisms 
of cancer initiation and progression were unknown. A major leap in our 
understanding of cancer initiation was instigated by the discovery of the Rous 
Sarcoma Virus (RSV), which could induce solid tumours from a cell free 
filtrate (Rous, 1911). A study published by Varmus and Bishop demonstrated 
that the src gene, previously reported to be an essential component of RSV 
for the induction of cell transformation (Duesberg & Vogt, 1970; Lai et al., 
1973; L. H. Wang et al., 1975, 1976), was actually a gene that originates 
from the cellular genome (Stehelin et al., 1976). Discovery of Src was 
followed by the identification of other genes, such as Myc (Duesberg et al., 
1977) and ErbB (Bister & Duesberg, 1979) in avian viruses, and Ras in murine 
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tumour viruses, eventually named oncogenes for their ability to induce 
malignant transformation. The identification of human RAS confirmed that 
cell intrinsic aberrations can in fact be the source of oncogenic potential 
(Parada et al., 1982; Santos et al., 1982). This placed the oncogenes into the 
spotlight of cancer research (Vogt, 2012).  
 
On the other hand, fusion of normal and malignant cells indicated the 
existence of genes that can actively suppress the malignant potential of 
cancer cells (Harris et al., 1969; Stanbridge, 1976). The analysis of 
retinoblastoma tumours revealed that inactivation of both alleles of a gene 
later named RB1 drives the malignancy (Knudson, 1971). This was followed 
by identification of other tumour suppressor genes, such as TP53 (Baker et 
al., 1989; Nigro et al., 1989), PTEN (J. Li et al., 1997) and APC (Laken et al., 
1997).  
 
The discovery of oncogenes and tumour suppressors suggested that 
amplification of the proliferation signal is a cell intrinsic driver of 
tumorigenesis. However, increased proliferation of cancer cells on its own is 
not sufficient in inducing tumorigenesis. It is now clear that cells harbouring 
genetic aberrations are common in ageing tissues (Martincorena, 2019). The 
cells that undergo oncogenic driver events are challenged by a plethora of 
protective mechanisms in place to limit the outgrowth of transformed clones. 
It is in fact the cumulative imbalance of cell intrinsic events together with the 
effect of the microenvironment and the immune system that drives the 
adaptation and rapid expansion of particular mutant cells (van Neerven & 
Vermeulen, 2022). 
 
In 2000, Hanahan and Weinberg proposed a framework of principles that 
guide the malignant growth, which have so far withstood the test of time and 
further expanded to incorporate new findings (Figure 1). The initial six 
hallmarks of cancer encompassed sustaining proliferative signalling, evading 
growth suppression and cell death, enabling replicative immortality, inducing 
or accessing vasculature and activating invasion and metastasis (Hanahan & 
Weinberg, 2000). Ten years later, deregulating cellular metabolism and 
avoiding immune destruction were included as additional cancer cell abilities 
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(Hanahan & Weinberg, 2011), and in the latest review the phenotypic 
plasticity and the contribution of cellular senescence were recognized as new 
hallmarks (Hanahan, 2022). These cancer cell capabilities are facilitated by 
different enabling characteristics that include genome instability and 
mutation, tumour promoting inflammation, epigenetic reprogramming, and 
polymorphic biomes.  
 

 
Although the hallmarks of cancer represent conceptually distinct capabilities 
of cancer cells, they should not be perceived as independent phenomena. In 
fact, different oncogenic drivers can modulate cancer cells at multiple levels. 
For instance, mutated KRAS has been described to facilitate cancer cell 
escape from death through maintaining high levels of the inhibitor of 
apoptosis protein survivin (Tecleab & Sebti, 2013), or by rendering cells 
insensitive to the apoptosis induced by tumour necrosis factor-related-
apoptosis-inducing-ligand (TRAIL) treatment (Sahu et al., 2011). On the 
other hand, KRAS can regulate metabolic programs by inducing autophagy 

Figure 1. Hallmarks of cancer. Figure depicts enabling characteristic (grey) and 
hallmarks of cancer (black), modified from Hanahan, 2022. 
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and thus promoting the survival of cancer cells upon starvation (Alves et al., 
2015), or through promoting de novo lipid synthesis in breast epithelial cells 
(Ricoult et al., 2016). Similar observations have been made for other 
oncogenic drivers. 
 
Overall, the enabling characteristics and hallmarks of cancer aim to create a 
blueprint of cancer research avenues as they systematise a vast amount of 
knowledge acquired over the years. Importantly, understanding the biology 
of tumorigenesis has paved the way for the development of improved 
therapies. 
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Exploiting cancer cell vulnerabilities 
 
The increased understanding of cancer biology has fuelled the search for a 
silver bullet treatment - a way to target the cancer cells specifically and 
universally. It is unlikely that there will be a single compound or target that 
will ablate cancer cells universally, but a better understanding of this disease 
has uncovered a number of promising vulnerabilities. A clear distinction 
between malignant and normal cells is their propensity to proliferate, and 
this is what most cytotoxic compounds employed in cancer treatment target 
(Figure 2). Most cancer cells are sensitive to conventional chemotherapy. 
However, these drugs also exert a negative effect on non-malignant cells 
leading to a number of undesirable side effects (Nurgali et al., 2018).  
 

 
Discovering inhibitors that can target the gain of function (GOF) alterations 
of different oncogenes has been an alluring strategy. However, not every 
tumour relies on a druggable oncogene. Although targeting the loss of 
function (LOF) alterations of tumour suppressor genes was less intuitive, the 
concepts of synthetic lethality and non-oncogene addiction have expanded 
the range of possible approaches. 

Figure 2. Conventional chemotherapy approaches. Increased proliferation of 
cancer cells confers specific vulnerabilities that are targeted by many first line 
chemotherapy agents. However, as these processes are universally essential in most 
cells, these compounds exert toxic effect on non-malignant cells. Their efficiency is 
also hindered by multiple drug resistance mechanisms that allow cancer cells to 
persevere.  
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Oncogene addiction 
Targeting the increased activity of proteins encoded by oncogenes has been 
a successful therapeutic approach (Figure 3). In the 1980s, HER2, a member 
of the epidermal growth factor/HER tyrosine kinase family, was identified as 
an oncogene (Schechter et al., 1984). Further studies showed that the 
expression of HER2 is increased in a number of breast cancer samples and 
correlates with worse prognosis (King et al., 1985). In the late 1990s, 
trastuzumab, a monoclonal antibody against HER2 was developed and 
approved for the treatment of breast cancer harbouring HER2 amplification 
(Slamon et al., 2001). Importantly, stratification of patients with HER2 
amplification coupled with novel therapeutic approaches has resulted in 
dramatically increased survival rates (Swain et al., 2023).  

Another pivotal moment in cancer therapy was the characterization of the 
Philadelphia chromosome in chronic myelogenous leukaemia (CML) (Nowell 
& Hungerford, 1961; Tough et al., 1961). This led to the discovery of the 
BCR-ABL gene fusion as driver of CML (Daley et al., 1990). The search for a 
compound that was able to inhibit BCR-ABL identified imatinib, a PDGFR/KIT 
inhibitor, which also inhibited the BCR-ABL fusion protein (Druker et al., 
1996). Imatinib was the first FDA approved kinase inhibitor for cancer 
therapy (Druker et al., 2001). It has often been described as a miracle drug 
as imatinib treatment increased the overall survival of CML patients (Savage 
& Antman, 2002).  

Figure 3. Targeting oncogene addiction. Figure shows several drugs used in clinic 
to target specific oncogenes. In comparison to the conventional chemotherapy, 
targeting oncogenes impairs cancer cells more specifically. However, not all tumours 
are driven by a druggable oncogene.  
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Since imatinib discovery, there has been a number of inhibitors targeting GOF 
alterations in cancer cells, such as erlotinib for EGFR (Dowell et al., 2005), 
vemurafenib for BRAFV600E (Chapman et al., 2011) or crizotinib for ALK 
(Kwak et al., 2010). The inhibition of oncogenic proteins with GOF alterations 
has been the focus of many targeted therapy approaches. While the 
restoration of the protein function of tumour suppressors is more challenging, 
it is becoming evident that the LOF alterations in cancer cells also confer 
unique vulnerabilities with promising therapeutic potential. 
 

Synthetic lethality 
The concept that simultaneous mutation of two genes can cause cell 
lethality, while neither of the mutations alone has an adverse effect on cell 
viability was first described in Drosophila melanogaster by Calvin Bridges in 
1922 (Bridges, 1922), and two decades later termed ‘synthetic lethality’ by 
Dobzhansky (Dobzhansky, 1946). In 1997, Hartwell and Friend proposed 
that uncovering synthetic lethal partners through genetic screens performed 
in Saccharomyces cerevisiae can be leveraged as a tool for tackling loss of 
function alterations in cancer cells. This is achieved by defining the precise 
molecular context of malignant cells in which inhibiting “secondary drug 
targets'' is detrimental for cancer cell viability (Hartwell et al., 1997). To this 
day, the concept of synthetic lethality guided therapy remains alluring, 
however it is becoming clear that its full potential can only be harnessed by 
carefully selecting the conditions in which this approach can be beneficial for 
the patients. In this line, the textbook example of synthetic lethality is the use 
of PARP1 inhibitors in BRCA1/2 deficient tumours (Figure 4). 
 
Two seminal studies demonstrated that PARP1 inhibition or downregulation 
can selectively decrease the viability of BRCA1 or BRCA2 deficient cells and 
impair tumour progression (Bryant et al., 2005; Farmer et al., 2005). This 
discovery instigated a promising journey to translate PARP inhibitors (PARPi) 
into the clinic. While there have been studies showing a beneficial effect of 
PARPi on the overall survival of the patients with BRCA1/2 LOF (Poveda et 
al., 2020), a number of reports showing limited beneficial effects of PARPi 
along with the emergence of PARPi resistance are hampering the promise of 
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this synthetic lethality approach (Lord & Ashworth, 2017). On a more hopeful 
note, it seems likely that, at least in some instances, inaccurate stratification 
of patients could be the prime cause of low treatment efficacy, as the optimal 
use of PARPi in the clinic relies on the accurate assessment of BRCA1/2 
inactivation (Setton et al., 2021).  
 

Overall, the promise of synthetic lethality guided approaches has fuelled 
research to identify partners and contexts that underlie specific 
vulnerabilities of cancer cells. Unsurprisingly, the progress vastly depends 
on the available cancer cell models as well as technological advances, which 
allow us to investigate the complexity of this disease in unprecedented 
detail. Thus, the emergence of new strategies to study genomic, 
transcriptomic, epigenetic and metabolic alterations of cancer cells is 
continuously adding new layers of information that can help to guide new 
therapeutic approaches. Furthermore, the development of high-throughput 
genome wide screens has enabled the functional assessment of potential 
context-specific vulnerabilities of cancer cells.  

  

Figure 4. Targeting synthetic lethality. Targeting PARP1 in tumours with BRCA1/2 
loss of function has been a prototypical example of synthetic lethality strategy in 
cancer therapy. It is important to note that its efficiency relies on the accurate detection 
of the BRCA1/2 status, and that several mechanisms of resistance to PARPi have 
been described, overall hindering their application in the clinic. 
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Mapping cancer cell dependencies 
The promise of targeted therapy has motivated a number of studies aiming 
to elucidate the molecular characteristics of tumours. Perhaps the most 
illustrative is The Cancer Genome Atlas (TCGA) that generated genomic, 
transcriptomic, proteomic and epigenomic data for 33 cancer types with more 
than 10,000 cancer samples and matched normal samples (Cancer Genome 
Atlas Research Network et al., 2013). While the amount of patient data is 
increasing with time, established cancer cell lines and mouse models are to 
this day crucial in understanding the biology of cancer. The Cancer Cell Line 
Encyclopedia (CCLE) has provided in depth information on the expression, 
copy number alterations, methylation and mutational landscape of over 500 
different cancer cell lines (Barretina et al., 2012; Ghandi et al., 2019). In 
addition, large drug screening efforts from the Broad (Corsello et al., 2020; 
Yu et al., 2016) and the Sanger (Yang et al., 2013) institutes have generated 
publicly available drug sensitivity data for a large number of compounds and 
cancer cell lines. Although molecular characterisation of tumours and cancer 
cell models has been invaluable, it does not paint a complete picture as it 
does not always indicates which genes are the main contributors in a 
particular cancer type or model. The most direct way of testing the 
essentiality of a gene is by perturbing its expression.  
 
One of the first breakthroughs that enabled rapid loss-of-function screens in 
mammalian cells was the development of the RNAi technology. The screens 
performed with small interfering RNAs (siRNAs) or short hairpin RNAs 
(shRNAs) allowed genome-wide LOF analyses to directly identify genes 
involved in a particular process (Boutros & Ahringer, 2008). This approach 
made it possible to functionally test almost all genes in a desired context. 
One of the advantages often attributed to RNAi screens is that they mimic 
more closely the effect of chemical inhibitors, as there is never a complete 
depletion of the target (Mullenders & Bernards, 2009). On the downside, 
RNAi efficiency depends on the target transcript levels (Vu et al., 2015). 
Another major concern of the RNAi screens is the often fatal off-target 
toxicity due to oversaturation of the endogenous small RNA pathways 
(Grimm et al., 2006; Khan et al., 2009). The emergence of genome editing 
techniques has overcome some of these limitations.  
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The clustered regularly interspaced short palindromic repeat DNA 
sequences (CRISPR) and CRISPR-associated (Cas) proteins are components 
of the prokaryotic adaptive immunity system that is able to recognize and 
cleave foreign nucleic acids (Barrangou et al., 2007). The Streptococcus 
pyogenes CRISPR/Cas9 system is one of the first systems described for 
genome editing in mammalian cells (Cho et al., 2013; Cong et al., 2013; Jinek 
et al., 2013; Mali et al., 2013). The Cas9 DNA endonuclease can be targeted 
by a single guide RNA to any specific genomic loci containing an ‘NGG’ 
protospacer-adjacent motif (PAM) sequence (Jinek et al., 2012; 
Sapranauskas et al., 2011). Once targeted, it induces a blunt end double 
strand break, which is repaired by either homology-directed repair or, more 
commonly, the non-homologous end joining, an error-prone repair 
mechanisms that can lead to insertions or deletions disrupting the gene 
sequence and resulting in target loss of function (Figure 5A). Hence, unlike 
RNAi, the CRISPR/Cas9 system targets the DNA and is unaffected by 
differential transcript levels. Not surprisingly, genome wide CRISPR/Cas9 KO 
screens were soon shown to be an efficient strategy to perform loss of 
function screens as they made it possible to deplete many genes with higher 
efficiency compared to RNAi screens (Shalem et al., 2014; Wang et al., 
2014). 
 
CRISPR/Cas9 screens entail transduction of cells that express Cas9 with a 
pool of sgRNAs targeting genes of interest. By comparing the sgRNA 
populations before and after applying a selective pressure of interest, one 
can discriminate between genes that when depleted promote (positive 
selection) or impair (negative selection) the viability of cells (Figure 5B). 
CRISPR screens coupled with small molecule treatments have been 
extremely valuable in discovering genes that either confer resistance or 
further synergise with different chemical compounds (Noordermeer et al., 
2018; Olivieri et al., 2020; Shalem et al., 2014; Wang et al., 2017; Wang et 
al., 2014). Importantly, endpoint screens for negative selection cannot 
discriminate between decreased cell proliferation and cell death as after 
several passages the sgRNAs that lead to lower proliferation or to cell death 
will likely be depleted from the population to a similar extent (Doench, 
2018).  
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While fitness screens in cell lines are extremely powerful for discovering 
new molecular players of different processes, what pushed the field forward 
were parallel screens performed in multiple cell lines. In 2014, Hart and 
colleagues defined a reference set of essential and non-essential genes. 
They described a ‘Daisy Model’ of gene dependencies where different cell 
lines and tissues confer context-specific dependencies while a core set of 
fitness genes, such as for instance ribosomal or tRNA metabolism genes, are 
essential regardless of the context (Hart et al., 2014). The context specific 
cancer cell dependencies are in some instances defined by the genotype, as 
in the case of the cells with KRAS or BRAF driver mutations that are more 
sensitive to depletion of other signalling cascade components, or by specific 
metabolic requirements (Hart et al., 2015). In a similar line, CRISPR/Cas9 

Figure 5. Application of CRISPR/Cas9 technology. (A) Scheme of the Cas9 
mediated target gene disruption. A single guide RNA (sgRNA) complementary to the 
target gene sequence that contains a protospacer-adjacent motif (PAM) guides the 
Cas9 enzyme to introduce a double strand break. In most cases, the double strand 
break is repaired by the error-prone non-homologous end joining mechanism (NHEJ), 
resulting in deletions or insertions that lead to target gene disruption. (B) Overview of 
a basic CRISPR/Cas9 screen. A pool of sgRNAs targeting genes of interest is 
introduced into the cells expressing Cas9. Cells are then maintained under the 
selection of choice, e.g. drug treatment, and the effect of target disruption on cell 
viability is determined by comparing the sgRNA abundance at the end of the treatment 
with the reference sample by next generation sequencing (NGS).  
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screens performed in a panel of 14 human acute myeloid leukaemia cell lines 
underscored the ability of this approach to map protein networks essential 
for cell survival (Wang et al., 2017).  
 
Genome wide RNAi and CRISPR/Cas9 loss of function screens have made it 
possible to characterise molecular cancer cell dependencies across many cell 
lines. Two major RNAi projects are Project Achilles from the Broad Institute 
that targeted 11,000 genes with shRNAs in a panel of around 500 cancer 
cell lines (Cowley et al., 2014; Tsherniak et al., 2017), and Project DRIVE by 
Novartis that employed shRNAs targeting almost 8,000 genes in 389 cancer 
cell lines (McDonald et al., 2017). These datasets have recently been 
complemented with genome-wide CRISPR/Cas9 KO screens performed in 
more than 1000 cancer cell lines, and are available in the Dependency Map 
(DepMap) portal (Dempster et al., 2021). By comparing genetic 
dependencies, molecular characteristics of cancer cells and drug sensitivity 
profiles, it is possible to elucidate context specific dependencies and 
potential biomarkers that can aid the patient stratification (Figure 6A).  
 
The use of the DepMap data has helped to uncover a number of context 
specific vulnerabilities. Examples include the studies reporting that cancer 
cells deficient in the methylthioadenosine phosphorylase MTAP are more 
dependent on the loss of the arginine methyltransferase PRMT5 (Kryukov et 
al., 2016), that microsatellite instable cancer cells require the WRN helicase 
activity (Chan et al., 2019), that SMAD4 or CDH1 deficiency is synthetic 
lethal with the loss of the paralog enzymes VPS4A/B (Neggers et al., 2020), 
and that the PKMYT1 kinase is a vulnerability of cancer cells harbouring 
CCNE gene amplification (Gallo et al., 2022). In ovarian cancer cells, high 
expression of the phosphate importer SLC34A2 correlates with dependency 
on the phosphate exporter XPR1, making the XPR1–KIDINS220 complex a 
potential target for ovarian cancer treatment (Bondeson et al., 2022).  
 
The DepMap data has also enabled the identification of cancer cell pan-
essential genes, i.e. genes that when depleted show a lethal phenotype in 
the majority of the screened cancer cell lines. Interestingly, a number of 
compounds that are currently used in clinical trials, such as HDAC or PLK1 
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inhibitors, are targeting pan-essential genes. Despite showing promising 
effects in the preclinical models, these compounds had low success in the 
clinical trials, at least in part due to their high toxicity that can be attributed 
to the essentiality of the targets. In contrast, PI3Ka, EGFR and ALK inhibitors 
target context specific cancer cell vulnerabilities and several of them have 
managed to obtain FDA approval (Figure 6B) (Chang et al., 2021). This 
further illustrates the potential of the increasing knowledge of cancer cell 
models in prioritising more efficient therapy approaches. 
 
 
 
 

  

Figure 6. Pan-essential and context-specific cancer cell dependencies. (A) 
Databases such as DepMap contain a plethora of datasets characterising different 
cancer models. This enables identification of pan-essential cancer cell dependencies, 
i.e. genes that when disrupted will impair viability of the majority of cell lines tested. 
On the other hand, it also allows identification of context-specific dependencies that 
will efficiently target cell lines harbouring particular characteristics. Figure is made 
based on the DepMap website schematic. (B) Recent studies point to the promise of 
targeting context-specific dependencies, as this approach seems to identify 
compounds that pass the FDA approval with a higher frequency. Figure modified from 
Chang et al., 2021.   
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Non-oncogene addiction 
Malignancy is an energetically expensive process and cancer cells have to 
endure high levels of different stresses. Many cellular pathways are rewired 
in cancer cells to support their proliferation and survival. This hinted that the 
metabolic and growth requirements of cancer cells might actually convey 
particular vulnerabilities that when targeted will preferentially affect the 
malignant cells. Enhanced activity of these targets in non-malignant cells 
does not usually show oncogenic potential, hence this phenomenon became 
known as ‘non-oncogene addiction (Figure 7) (Solimini et al., 2007).  
 
One of the first described non-oncogene addiction factors was heat-shock 
factor 1 (HSF1), a master regulator of heat-shock response. Loss of HSF1 can 
hinder the incidence and progression of RAS or TP53 driven tumours. At the 
same time, depletion or overexpression of HSF1 in non-malignant cells 
shows no oncogenic potential (Dai et al., 2007). Moreover, HSF1, together 
with other components of the cellular response to proteotoxic stress, was 
shown to be essential in the cellular response to diverse stresses. The 
components of these signalling pathways are seldom mutated, as often 
losing the precise regulation of their function is not beneficial for cancer cell 
survival. 

 
 
 

Figure 7. Targeting non-oncogene addiction. Targeting cell mechanisms that 
mitigate increased proteotoxic stress, DNA damage and repair, or the metabolic 
requirements of the cancer cells has been described as a promising approach to 
selectively eliminate cancer cells. 
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Building on the discovery of the HSF1 importance, several genome wide 
screens identified additional genes that regulate proteasomal degradation 
and protein folding as cancer cell dependencies (Marcotte et al., 2012; 
Martens-de Kemp et al., 2013; Nagel et al., 2015). Genetic alterations 
prevalent in cancer cells often lead to either improper folding or dysregulated 
dosage of different proteins, which can result in protein aggregations. Hence, 
cancer cells rely on the activity of heat-shock proteins and increased levels 
of proteasomal degradation (He et al., 2013; Jolly & Morimoto, 2000) and 
autophagy (Levy et al., 2017) in order to deal with their proteotoxic stress. 
Accordingly, the proteasome inhibitor bortezomib, has shown potential in 
treating some cancer types, especially those driven by KRAS (Luo et al., 
2009). 
 
Cancer cells also have to cope with increased levels of reactive oxygen 
species (ROS). The role of ROS in tumorigenesis is two sided. High levels of 
ROS in non-malignant cells leads to increased DNA damage and the 
accumulation of mutations. Accordingly, inactivating regulators of the 
cellular response to oxidative stress, such as MTH1 or NRF2, promotes 
tumour incidence in mouse models but is detrimental in cancer cells as they 
rely on these pathways to maintain manageable levels of ROS (Gad et al., 
2014; Satoh et al., 2013). In the same line, treatment of cancer cells with 
ROS-inducing compounds such as piperlongumine and dichloroacetate 
shows anticancer effects (Bonnet et al., 2007; Trachootham et al., 2006). 
Interestingly, increased DNA damage levels have a similar effect as high ROS 
levels. Many tumour suppressor genes, such as BRCA1/2, ATM and Fanconi 
anaemia genes are key components of the DNA damage repair (DDR) 
pathway (D’Andrea & Grompe, 2003). However, while the proper functioning 
of DDR pathways prevents tumour initiation, they are essential to handle the 
increased levels of DNA damage occurring in tumour cells. In this line, 
targeting ataxia telangiectasia and Rad3-related protein (ATR), a key kinase 
for sensing the replication stress, and its downstream target checkpoint 
kinase 1 (CHEK1) has shown anticancer effect in preclinical models 
(Campaner & Amati, 2012; Murga et al., 2011).  
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Overall, non-oncogene addiction provides a possible way to target cancers 
driven by the so far undruggable oncogenes. In addition, some stress 
adaptation requirements of cancer cells are common across different 
oncogenic driver events. In this light, the protein kinase p38α, one of the 
master regulators of the cellular responses to a variety of stress stimuli, 
emerges as an attractive target for cancer treatment, since it has been shown 
to support progression of several tumour types, it is seldom mutated, and 
potent chemical inhibitors are available in the market.  
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The p38 MAPK signalling pathway 
 
The adaptation of cells to the continuously changing environment hinges on 
their ability to recognize and adequately respond to pressures and stimuli, 
both intrinsic and extrinsic. This is achieved through different signalling 
cascades that connect the initial stimuli with the adequate response. Stimuli 
are sensed by the cell through receptor proteins, which in turn activate the 
intracellular signalling cascades that will activate the effector proteins and 
shape the final response of the cell. Protein kinases are important 
components of the cellular signalling pathways. They are enzymes that can 
modify other proteins by covalently adding phosphate groups. Kinases 
function as molecular switches that further relay the activation signal to their 
downstream targets resulting in a specific change of cellular behaviour. 
There are over 500 described human protein kinases encoded by ~2% of the 
human genes, highlighting the diversity of these signalling effectors 
(Manning et al., 2002).  
 
Mitogen activated protein kinases (MAPKs) form one of the major protein 
kinase families. The MAPK signalling cascade classically comprises 
sequential activation of three protein kinases - a MAP kinase kinase kinase 
(MAP3K), which when activated phosphorylates and activates a map kinase 
kinase (MAP2K) that in turn phosphorylates and activates the MAPK, which 
transduces the signal to its wide range of substrates (Figure 8A). MAP3Ks 
belong to the tyrosine kinase-like family, MAP2Ks are serine-threonine 
kinases, and MAPKs belong to the CMGC kinase family, which also 
encompass cyclin-dependent kinases, glycogen synthase kinases and CDC-
like kinase groups of protein kinases. The best characterised branches of the 
conventional MAPKs include the extracellular signal-regulated kinases 
(ERK)1/2, the c-JUN amino-terminal kinases (JNK)1/2/3, and the p38 MAPK 
subfamily (p38α/β/γ/δ). ERK5 is also considered a conventional MAPK, 
however, it is the least studied one.  
 
Conventional MAPKs are activated by phosphorylation on their conserved T-
X-Y motif within the activation loop. The atypical MAPKs ERK3/4 and Nemo-
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like kinase (NLK) have the T-X-Y motif substituted by a single phospho-
acceptor residue within an S-E-G motif. ERK7 contains a T-X-Y motif, same 
as ERK1/2 and ERK5, but it is considered an atypical MAPK, as it is much less 
conserved across species. For instance, the zebrafish ERK7 is only around 
50% identical to the human ERK7, while zebrafish and human ERK1 are more 
than 90% identical (Figure 8B) (Coulombe & Meloche, 2007).  
 
Contrary to the name of the family to which they belong, p38 MAPKs do not 
primarily respond to mitogens. While ERK1/2 are mainly activated by growth 
factors and mitogens (Lavoie et al., 2020), numerous stress-inducing stimuli 
can lead to the activation of both p38 MAPKs and JNKs, hence they are also 
known as stress-activated protein kinases (SAPKs).  
 
 

  
The first p38 MAPK family member was reported in several independent 
studies. Identified as a tyrosine phosphorylated protein in response to 
lipopolysaccharide (LPS) treatment (Han et al., 1994), a reactivating kinase 
(RK) that phosphorylates and activates MAPK-activated protein kinase 2 
(MK2) upon osmotic stress, heat shock or sodium arsenite (Rouse et al., 

Figure 8. MAPKs. (A) Core components of a canonical MAPK activation cascade. 
Stimuli is sensed by the cell and relayed through phosphorylation events that lead to 
activation of a MAPK, which in turn orchestrates the cellular response to a given 
stimuli. (B) Human kinome tree (right) showing MAP3Ks that belong to the tyrosine-
kinase like (TKL) family of proteins (purple), and MAP2Ks that are part of the serine-
threonine kinase (STE) family (green). The branch of MAPKs that belong to the 
CMGC family (blue) is shown on the left. Kinome tree was created using Coral web 
application (Metz et al., 2018).  
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1994), a kinase activated in response to interleukin-1 (Freshney et al., 1994) 
and as a target of pyridinyl imidazole compounds (Lee et al., 1994). This p38 
MAPK is today known as p38a, the most ubiquitously expressed p38 family 
member with high homology to the Hog1 MAPK in S. cerevisiae, which is 
important for osmostress response (de Nadal & Posas, 2022). Shortly after, 
the MAP2K family members MKK3, MKK4 and MKK6 were cloned and 
described as upstream activators of p38a (Dérijard et al., 1995; Han et al., 
1996; Lin et al., 1995).  
 
The discovery of p38a (encoded by MAPK14) was followed by the 
identification of three additional p38 MAPKs. p38b is encoded by MAPK11 
and was reported to be expressed in most tissues and sensitive to the 
inhibition by pyridinyl imidazole compounds, same as p38a (Jiang et al., 
1996). p38g is encoded by MAPK12 and was described to be primarily 
expressed in muscle cells and, unlike the other two p38 kinases, insensitive 
to inhibition with pyridinyl imidazole compounds and unable to 
phosphorylate MK2 and ATF2 in vitro (Cuenda et al., 1997; Lechner et al., 
1996; Li et al., 1996; Mertens et al., 1996). p38d is encoded by MAPK13 and 
is expressed at higher levels in pancreas, intestine, kidney, adrenal gland and 
heart, and is also not sensitive to pyridinyl imidazole compounds (Goedert et 
al., 1997; Jiang et al., 1996). The four p38 family members are around 60% 
identical in their amino acid sequence, with p38a and p38b being the most 
similar as they are 75% identical. Due to the sequence similarity, and the 
differential sensitivity to the pyridinyl imidazole compounds, the p38 kinases 
are often divided into two subgroups, p38a/b and p38g/d.  
 

Activation of the p38 MAPK pathway 
The p38 pathway can be activated in response to a wide range of stimuli, 
including different stresses, cytokines and G protein-coupled receptor 
(GPCR) agonists, which in most cases leads to the activation of the typical 
MAPK phosphorylation cascade known as the canonical pathway. The 
outcome of the pathway activation is shaped by the different molecular 
components of the cascade, and the extensive intermediary nodes between 
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the stimuli and the p38 MAPK underscore the complexity of this pathway, 
which is far from being completely understood (Figure 9).  

 
Over the years, around ten different MAP3Ks have been described to trigger 
the p38 cascade activation. For example, TAO1/2 are activated in response 
to DNA damage (Chen et al., 1999; Hutchison et al., 1998; Raman et al., 
2007), ZAK1 is activated in response to ribotoxic stress (Bloem et al., 2001; 
Jandhyala et al., 2008; Wang et al., 2005), oxidative stress leads to ASK1 
activation (Ichijo et al., 1997) and TAK1 can be activated in response to TGF-
b signalling (Moriguchi et al., 1996; Yamaguchi et al., 1995). Downstream of 
the MAP3Ks, two MAP2Ks are mostly responsible for phosphorylation and 
activation of p38 MAPKs: MKK3 (encoded by MAP2K3) and MKK6 (encoded 
by MAP2K6). Different MAP2Ks have distinct capacity to phosphorylate p38 
family members, which also depends on the specific stimuli and cellular 
context (Enslen et al., 1998; Remy et al., 2010). For example, in mouse 

Figure 9. Activation of the p38 MAPK pathway. The canonical activation pathway 
is represented, together with some of the downstream substrates reported to be 
targeted by the four p38 MAPK family members.  
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embryonic fibroblasts (MEFs) treated with anisomycin, sorbitol or TNFa, 
depletion of both MKK3 and MKK6 was required to abolish p38a activation, 
but in response to UV treatment p38a was still activated in the absence of 
MKK3 and MKK6 (Remy et al., 2010), which is probably due to the ability of 
MKK4, an upstream MAP2K of the JNK pathway (Brancho et al., 2003), to at 
least partially activate p38a. Similarly, p38b phosphorylation was impaired 
only in the double MKK3/MKK6 KO cells upon all stimuli. In contrast, MKK6 
deletion was sufficient to impair activation of p38g, and MKK3 was crucial for 
p38d activation. Together with other studies (Alonso et al., 2000; Brancho et 
al., 2003; Enslen et al., 1998), this illustrates the complexity of the system 
and the importance of the particular context in defining the connections in 
the p38 MAPK pathway. 
 
In addition to the canonical activation cascade, two non-canonical pathways 
are described to activate p38a. T-cell receptor activation leads to ZAP70 
phosphorylation of p38a on Tyr323, which in turn stimulates its 
autophosphorylation preferentially on Thr180 (Salvador et al., 2005). 
Interestingly, it has been reported that the mono-phosphorylated p38a 
shows different substrate specificity (Mittelstadt et al., 2009). Another non-
canonical activation pathway is triggered by the binding to TAB1, which can 
induce p38a autophosphorylation (Ge et al., 2002).  
 

Regulation and termination of p38 MAPK signalling  
Fine tuning of the p38 pathway is achieved through different regulatory 
mechanisms that can overall impact the level of p38 activation. For instance, 
different scaffolding proteins can regulate p38 activation by binding to 
several components of the signalling cascade and bringing them into close 
proximity. Some examples are RACK1, AAPL1, JIP4 or OSM (Lin et al., 2015; 
Pinder et al., 2015; Uhlik et al., 2003; Xin et al., 2011). Different 
posttranslational modifications apart from the phosphorylation have also 
been shown to modulate the function of p38a, such as acetylation or arginine 
methylation (Brichkina et al., 2016; Jeong et al., 2020; Liu et al., 2020; Pillai 
et al., 2011). 
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Duration of the pathway activation is one of the most critical factors as it can 
determine the outcome of the p38a activity. Therefore, it is not surprising that 
several negative feedback loops and regulatory mechanisms that lead to p38 
MAPK signal termination have been described so far. Once activated, p38a 
can limit its own activation by phosphorylating upstream cascade members, 
such as TAB1 (Cheung et al., 2003) and ZAP70 (Giardino Torchia et al., 
2018) or by negatively regulating MKK6 mRNA stability (Ambrosino et al., 
2003).  
 
Signal termination can also be achieved through different serine/threonine, 
tyrosine and dual specificity phosphatases (DUSPs) that can inactivate p38a 
by dephosphorylating it. For instance, in response to UV, peroxide or cisplatin 
treatment, p38a activation increases the expression of DUSP1 through 
MSK1/2-CREBa axis, which in turn dephosphorylates both p38a, 
attenuating its activity, and JNK, thus promoting the survival of the cells 
(Staples et al., 2010). Interestingly, p38g and p38d are insensitive to DUSPs 
(Tanoue et al., 2001). Another negative feedback loop is triggered in 
response to genotoxic stresses, where p38a can increase the p53 activity, 
which in turn induces the expression of the Wip1 phosphatase, a member of 
the protein phosphatase type 2C family. Wip1 then inactivates the p38/p53 
axis through dephosphorylation of both proteins, limiting the pathway 
activity during the cell recovery phase (Takekawa et al., 2000). Overall, the 
activation and termination of p38 MAPK signalling is tightly regulated by 
several processes that employ an extensive network of modulators. 
  

Versatility of p38 functions 
Although p38 MAPKs were initially described as kinases that primarily 
respond to stress stimuli such as UV, LPS, osmotic stress or heat shock, 
further studies have demonstrated the important roles of this kinase family 
in a variety of biological processes.  
 
There are over 400 annotated putative p38a substrates, including kinases 
and transcriptional factors that modulate diverse cellular events such as cell 
proliferation, migration or survival (Figure 10) (Cuadrado & Nebreda, 2010; 
Han et al., 2020; Martínez-Limón et al., 2020; Trempolec et al., 2013). 
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Several of the MAP3Ks described to activate the p38 signalling cascade have 
also been reported to activate ERK1/2 and JNK signalling in response to 
specific stimuli. Hence, the outcome of p38a activation is not only shaped by 
a specific combination of upstream activators, downstream targets and 
different regulatory mechanisms, but also by the crosstalk with other 
signalling pathways that adds an additional layer of complexity to p38 MAPK 
signalling. 

 
During embryonic development, p38a is the only essential p38 MAPK, as 
p38a KO mice are embryonic lethal due to defects in placental development 
(Adams et al., 2000; Mudgett et al., 2000). Studies with conditional depletion 
of p38a restricted to embryonic tissues showed that loss of p38a is fatal 
during postnatal development (Hui et al., 2007). While genetic models of 
p38b depletion demonstrated no adverse effects on embryonic development 
(Beardmore et al., 2005), combined depletion of both p38a and p38b 
resulted in embryonic lethality with major cardiac defects detected as well 
as other phenotypes not observed in individual KO mice, indicating that p38b 
can compensate for loss of p38a in specific processes. However, expression 
of p38b under the p38a promoter was not able to rescue neither placental 
development nor cardiac defects, suggesting distinct roles of each p38 
MAPK (del Barco Barrantes et al., 2011). In contrast, p38g, p38d and double 
p38g/d KO mice have been shown to be viable and fertile, with no major 
defects during development (Sabio et al., 2005).  

Figure 10. p38a is the best characterised p38 MAPK. Figure shows annotated 
substrates of different p38 MAPKs retrieved from the KEA substrates of kinases 
(Lachmann & Ma’ayan, 2009) and PhophoSitePlus Substrates of Kinases (Hornbeck 
et al., 2004, 2015) datasets. There are over 400 annotated p38a substrates compared 
to around 20 reported for the other p38 MAPK family members. Legend indicates 
substrates that are other kinases (orange), transcription factors (TFs, teal), RNA 
related proteins (beige) and phosphatases (grey).  
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The necessity of p38a during embryo development hints at the important 
role of this kinase in regulating essential cellular processes. This is in part 
achieved through the variety of downstream substrates, among which are 
also several protein kinases such as MK2/3/5, MSK1/2 and MNK1/2. MK2 can 
regulate the actin filament remodelling through phosphorylation of Hsp27 
(Guay et al., 1997), and can modulate post-transcriptional events through 
phosphorylation of different adenylate–uridylate-rich element (ARE)-binding 
proteins such as tristetraprolin (TTP) and Human antigen R (HuR) (Soni et al., 
2019). MSK1 and MSK2 have diverse roles in the control of the gene 
transcription activation (Reyskens & Arthur, 2016), and MNK1 and MNK2 are 
described to regulate protein translation through phosphorylation of the 
initiation factor eIF4E in response to activation by p38a (Wang et al., 1998). 
Interestingly, both MSK1/2 as well as MNK1/2 can also be activated by 
ERK1/2 signalling. p38a also has an important role in cell cycle progression. 
In G1/S, p38a can induce cell cycle arrest through down-regulation of cyclin 
D1, activation of the p53/p21Cip1 pathway or transcriptional up-regulation 
of p16INK4a (Casanovas et al., 2000; Goloudina et al., 2003; G.-Y. Kim et al., 
2002; J. N. Lavoie et al., 1996). In G2/M, p38a mediates cell cycle arrest either 
through MK2 activation or by directly phosphorylating Cdc25B and Cdc25C 
(Donzelli & Draetta, 2003; Lemaire et al., 2006; Manke et al., 2005). The 
induction of cell cycle arrest as well as upregulation of the anti-apoptotic 
BCL-2 proteins (Phong et al., 2010), are examples of the pro-survival 
functions that p38a can perform in the cellular response to different 
genotoxic stresses.  
 
An additional layer of complexity comes from the crosstalk with other 
signaling pathways. For instance, a number of the upstream activators and 
substrates of p38a overlap with those of other protein kinases. An 
interesting example is the cross-talk with the JNK pathway. The p38 and JNK 
pathways are often simultaneously activated, despite this, in some systems 
the JNK pathway is negatively regulated by p38a, as downregulation of 
p38a leads to increased levels of JNK activation (Batlle et al., 2019; Hu et al., 
2018). A recent study that examined the dynamics of the p38 and JNK 
activation at a single cell level demonstrated that in a population of cells, 
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p38a can mediate cell survival by activating DUSP1, which then inactivates 
the pro-apoptotic JNK signalling. Interestingly, this p38a induced DUSP1 
expression was present in a subset of cells, and seems to be a consequence 
of stochastic events, although this is not entirely clear (Miura et al., 2018).  
 
The interplay of different p38 family members in determining the outcome of 
the p38 MAPK pathway activation has also been reported. This can be due 
to distinct activation patterns, as in endothelial cells where TGF-b1 activates 
p38a that leads to increased levels of apoptosis, while VEGF activates p38b, 
promoting cell survival (Ferrari et al., 2012). In other cases, the endogenous 
levels of different p38 MAPKs shape their function, as in the regulation of the 
AP-1 transcription factor, a dimeric complex that contains members of the 
JUN, FOS, ATF and MAF protein families (Jochum et al., 2001). Thus, the 
activation of p38b by MKK6 stimulates AP-1 dependent transcription in 
murine NIH3T3 cells that express low levels of p38d, but not in p38d 
expressing EMT-6 murine cells (Pramanik et al., 2003). A direct link between 
different p38 MAPKs has also been reported, as the negative regulation of 
p38d activity by p38a to supress the brown adipose tissue thermogenesis 
(Matesanz et al., 2018). Nevertheless, most of the studies investigating the 
functions of p38 MAPKs focus implicitly on the p38a, and the same applies 
to the publications that specify the isoform studied (Figure 11A).  
 
Of note, these are just a few illustrative examples meant to showcase the 
complexity of this signalling pathway and by no means encompass all the 
reported biological functions of p38 MAPKs. An important point is that many 
studies reporting particular roles for p38 MAPKs base their conclusions 
solely on the use of chemical inhibitors (Figure 11B). While valuable, p38 
inhibitors have a number of limitations. On one hand, they often do not 
discriminate between different p38 family members, as is the case with the 
ATP-competitive inhibitor BIRB769, which at higher doses inhibits all four 
p38 MAPKs (Kuma et al., 2005). This makes it difficult to distinguish 
individual contributions of different family members to the phenotypes 
reported. In addition, the concentrations of the inhibitors used in many 
studies are often unnecessarily high, increasing the probability of potential 
off-target effects (He et al., 2013; Menon et al., 2011). The drawbacks of 
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some p38 inhibitors emphasise the importance of genetic tools to study the 
p38 MAPK pathway. 
 

 
A number of studies have been performed describing different functions of 
p38a. Despite this, the complexity of this pathway still leaves many 
questions unanswered. It is however clear that p38a is a central modulator 
of many homeostatic functions, some of which are dysregulated in different 
pathological contexts, explaining the interest in studying the role of p38a in 
diseases such as cancer.  
  

Figure 11. PubMed entries for p38 MAPK inhibitors. Results of PubMed queries for 
the indicated p38 family members (A) and p38 inhibitors (B) reported until 2022. 
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Context dependent role of p38a in cancer cells 
 
The p38a kinase is important in several cancer cell types and has specific 
functions not only in the cancer cells but also in different components of the 
tumour microenvironment, such as fibroblasts and endothelial cells, as well 
as in different immune cell populations.  
 
p38a was initially described as a tumour suppressor as its activity was 
reported to limit the oncogene-induced malignant transformation. For 
instance, p38a can negatively regulate the H-Ras-induced malignant 
transformation of fibroblasts through induction of premature senescence 
(Wang et al., 2002), induction of p53 dependent cell cycle arrest (Bulavin et 
al., 2002) or upregulation of cell cycle inhibitors (Nicke et al., 2005). Some of 
the inhibitory effects are due to the p38a mediated induction of apoptosis 
and prevention of ROS accumulation in the early stages of transformation 
(Dolado et al., 2007). Different mouse models have provided in vivo evidence 
further emphasising the importance of p38a in suppressing tumour initiation. 
Mice deficient in Wip1 phosphatase show increased p38a activation levels 
and reduced tumorigenesis of breast cancer upon Erbb2 or H-Ras 
expression, while treatment with the p38 inhibitor SB203580 rescues Erbb2 
driven tumorigenesis of Wip1 KO mice (Bulavin et al., 2004). Depleting 
Gadd45a, an activator of the p38 MAPK pathway, reduces p38a activation 
and breast tumorigenesis induced by Ras (Tront et al., 2006). Consistent with 
an important role of p38a in lung homeostasis, depleting p38a in adult mice 
increases proliferation and impairs differentiation of the lung stem and 
progenitor cells, leading to increased incidence of oncogenic K-Ras G12V 
induced tumours (Ventura et al., 2007). In the liver, loss of p38a increases 
hepatocyte proliferation through increased activation of the JNK pathway 
resulting in increased development of chemically induced liver cancer (Hui et 
al., 2007). Similarly, deletion of p38a in intestinal epithelial cells increases 
the tumour development induced by azoxymethane/dextran sodium sulphate 
treatment (Gupta et al., 2014; Wakeman et al., 2012). Overall, p38a activity 
is important for homeostasis and limits malignant transformation of different 
tissues. However, there are many reports showing that once the tumours are 
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formed, established cancer cells can become dependent on p38a for their 
survival. Hence it seems that once the cells are transformed, this pathway 
can be hijacked in order to sustain cancer cell survival.  
 
Accordingly, inhibition or deletion of p38a impairs viability of established 
colon cancer cell lines and reduces tumour growth both in models of 
xenografts in nude mice as well as in azoxymethane-treated ApcMin mice 
(Chiacchiera et al., 2009; Comes et al., 2007). This dual role of p38a was 
demonstrated in a model of chemically-induced colon cancer, in which p38a 
loss in the epithelial intestinal cells promotes tumour formation, while 
deletion of p38a after tumours are formed reduces cancer cell proliferation 
and increases apoptosis, thus reducing the tumour burden (Gupta et al., 
2014). In a K-Ras G12V-driven lung cancer model, p38a also promotes the 
proliferation of cancer cells through regulation of a metallopeptidase 
inhibitor TIMP-1, and the deletion or inhibition of p38a impairs tumour 
progression (Vitos-Faleato et al., 2020). This cancer cell dependence on 
p38a has also been observed in models of multiple myeloma (Medicherla et 
al., 2008; Vanderkerken et al., 2007), head and neck squamous cell 
carcinoma (Leelahavanichkul et al., 2014) and UV induced skin tumorigenesis 
(Dickinson et al., 2011; Liu et al., 2013), or in ER negative p53 mutant breast 
cancer cell lines (Chen et al., 2009). Moreover, a study investigating the p38a 
inhibitor LY2228820, reported beneficial effects of p38a inhibition in models 
of melanoma, non-small cell lung cancer, ovarian, glioma, myeloma and 
breast cancer (Campbell et al., 2014).  
 
When it comes to the chemotherapy response, many first line 
chemotherapeutic drugs elicit p38a activation. Again, the outcome of the 
p38a activity depends both on the cellular context and on the drug used, and 
there are even reports describing opposing roles of this kinase in response to 
the same drug. The activity of p38a is reported to be essential for the 
cytotoxic effect of oxaliplatin in human colorectal adenocarcinoma cells 
(Rasmussen et al., 2016), or imatinib in the chronic myeloid leukaemia cell 
line K562 (Maia et al., 2009). Treatment with cisplatin, a platinum-based 
drug often used in a number of cancers, can lead to activation of p38a which 
in some models results in p53 activation (Bragado et al., 2007) or EGFR 
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internalisation (Zwang & Yarden, 2006), thus mediating in vitro cytotoxicity 
of cisplatin. On the other hand, the inhibition of p38a in a mouse model of 
polyoma middle T (PyMT) induced mammary tumours can synergise with 
cisplatin treatment by increasing ROS accumulation (Pereira et al., 2013). A 
number of studies also reported beneficial effects of p38a inhibition in 
combination with MEK inhibitors in colorectal cancer (Chiacchiera et al., 
2012; Lepore Signorile et al., 2021; van Houdt et al., 2010), non-small cell 
lung cancer (Sunaga et al., 2019) and hepatocellular carcinoma models 
(Rudalska et al., 2014). In glioma cancer cells, inhibiting p38a synergises 
with the methylating agent temozolomide (Gao et al., 2022; Hirose et al., 
2003).  
 
Altogether, p38a seems to function as a non-oncogene addiction factor that 
is seldom mutated in cancer cells supporting their viability once the tumours 
are established. Of note, a recent study reported that high concentrations of 
p38a inhibitors can decrease the viability of established cancer cell lines 
even after deletion of p38a, while deleting p38a on its own has no effect, 
suggesting that the cytotoxicity observed (at very high concentrations) is due 
to the off-target effects of the inhibitor (Lin et al., 2019). This further 
emphasises the importance of combining chemical inhibitors with the genetic 
perturbation of p38a to study p38a cancer cell dependency.    
  
An interesting model to address this issue was described by Cánovas et al., 
which showed that p38a is essential for the progression of PyMT-induced 
mouse mammary tumours, as genetic KO of p38a leads to tumour regression 
(Cánovas et al., 2018). Importantly, the effect of p38a was cancer cell 
autonomous. In cultured epithelial cells established from these tumours, 
p38a restricts DNA damage and genome instability, supporting cancer cell 
survival and proliferation. Accordingly, p38a deletion in these cells results in 
increased cell death and enhanced levels of DNA damage compared to the 
wild type (WT) tumour cells, in part due to impaired CtIP phosphorylation 
and DNA repair. In this model, inhibition of p38a in combination with taxanes, 
which are known to promote chromosomal instability, shows increased 
cytotoxicity, further supporting the role of p38a in genome integrity 
maintenance. The same effect of potentiating taxane treatment was 



INTRODUCTION 

52 

observed in patient derived xenografts, unravelling a promising context in 
which p38a inhibition could be of clinical relevance.  
 
To this day, p38a remains the most studied p38 MAPK family member and 
this also applies to the context of cancer cell biology. Accordingly, a number 
of clinical trials has been performed to test the potential of p38a inhibitors 
in cancer treatment, however with limited success, which is in most cases 
could be caused by off-target toxicity (Figure 12A) (Cánovas & Nebreda, 
2021). Development of more specific and potent inhibitors is without a 
question invaluable to potential uses in the clinic. However, in addition to 
having the right tools for targeting p38a, it will be crucial to understand 
when and why the loss of p38a activity is detrimental to cancer cells.  
 
In summary, while p38a represents an attractive therapeutic target, it is clear 
that its tumour supporting role is not a universal property. The nature of the 
p38a pathway and the particular cellular context shape the consequences of 
the p38a activity. Hence, deciphering the molecular cues that determine 
cancer cell dependency on p38a would be crucial to understand the potential 
beneficial effect of p38a inhibition for cancer therapy (Figure 12B).  

Figure 12. p38a as a therapeutic target in cancer. (A) Overview of the clinical trials 
with p38 MAPK inhibitors over the past two decades. (B) Scheme of molecular 
determinants that shape the function of p38a. Figure adapted from Cánovas & 
Nebreda 2021.   
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Our group and others have shown the beneficial effect of p38a kinase 
pharmacological inhibition in the response of cancer cells to 
chemotherapeutic drugs. However, the effect of p38a inhibition is heavily 
dependent on the cell type and stimulus, emphasizing the need to further 
understand the underlying mechanisms in order to exploit the full potential 
of targeting the p38a pathway for cancer treatment. To gain insights into the 
molecular basis of the cancer cell dependency on p38a, we have performed 
a genome wide CRISPR/Cas9 screen using a breast cancer model that is 
sensitive to p38a depletion with the following specific aims: 
 
 
- Identify targets that mediate the p38a functions 
 
- Elucidate processes that synergise with p38a depletion 
 
- Explore the relationship of p38a with other components of the p38 MAPK 
pathway 
 
- Analyse the publicly available datasets to extend the observations to other 
cellular models. 
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Materials 
 

General buffers and solutions 
 
Buffers and solutions used in this thesis are specified below. 
 
10X PBS 
1.37 M NaCl 
27 mM KCl 
100 mM Na2HPO4 
17.5 mM KH2PO4 
pH 7.4 
 
10X TBS 
0.2 M Trizma base  
1.5 M NaCl 
pH 7.5 

RIPA buffer  
50 mM TRIS-HCl pH 8.0  
100 mM NaCl  
0,1% (w/v) SDS  
1% (v/v) NP40  
0,5% (w/v) DOC (Deoxycholic acid)  
5 mM EDTA 
PhosSTOP™  
cOmplete™, EDTA-free Protease 
Inhibitor Cocktail 

 
10X Electrophoresis running 
buffer 
0.25 M Tris base  
2 M glycine  
1% SDS  
pH 8.3 

5X Protein loading buffer  
250 mM Tris pH 6.8 
50% glycerol 
250 mM DTT 
10% SDS 
0.1% bromophenol blue 

 

10X Immunoblotting transfer 
buffer  
0.2 M Tris base  
1.5 M glycine   
 
Ponceau Red  
0.1% Ponceau Red powder  
5% acetic acid  

 

2X HBS buffer  
50 mM HEPES  
280 mM NaCl  
1.5 mM Na2HPO4  
pH 7.12   
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Commercial reagents and kits 
 

Cell culture 
Table 1 | Cell culture reagents 

Reagent Company Reference 

(5Z)-7-Oxozeaenol Sigma O9890 

4-hydroxytamoxifen  Sigma H7904 

Anisomycin Sigma L4005 

Blasticidin S HCl Invitrogen A11139-03 

Calcium chloride Sigma 449709 

Chloramphenicol Sigma C0378 

DMEM Sigma 5796 

DMSO Sigma D8418 

FBS Life Technologies 10500064 

L-Glutamine 200mM Labclinics X0550 

LY2228820 Selleckchem S1494 

Mr. Frosty freezing container ThermoFisher 5100-0001 

Opti-MEM ThermoFisher 31985070 

PBS 10X Sigma D1408 

PEI MAX Polysciences 24765-100 

Penicillin/Streptomycin LabClinics L0022 

PH-797804 Selleckchem S2726 

Polybrene Sigma TR-1003-G 

Puromycin Sigma P9620 

Rapamycin  Santa Cruz  sc-3504 

RPMI-1640  Sigma  R8758 

TC10 Cell Counting Slides BioRad 145-0011 

Trypsin Sigma T3924 
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Commercial kits 
Table 2 | Commercial kits 

Kit Company Reference 

Cell proliferation Assay Kit I (MTT) Sigma 11465007001 

Click-iT™ Plus EdU Alexa Fluor™ 647 Flow 
Cytometry Assay Kit Sigma C10635 

GenElute Plasmid miniprep kit Sigma PLN350-1KT 

MycoAlert Mycoplasma Detection Kit Cultek H3LT07-418 

PureLink on column DNAse Invitrogen 121-85-010 

QIAamp DNA Blood Maxi Kit Qiagen 51192 

QIAquick Gel Extraction Kit QIAGEN 28704 

RC DC protein assay kit II BioRad 5000122 

RealTime-Glo™ MT Cell Viability Assay Promega G9713 

RNA PureLink Minikit   Ambion 12183018A 

 

Cellular and molecular biology 
Table 3 | Cellular and molecular biology reagents 

Reagent Company Reference 

Acetic acid Panreac 131008.1611 

Acrylamide 40% 29:1  BioRad 161-0146 

Agarose Conda 8019 

Ammonium persulfate (APS)  Sigma A3678 

Ampicillin Vitro CAY-14417 

Bromophenol blue Sigma B8026 

BSA Sigma A7906 

cOmpleteTM Protease Inhibitor Cocktail  Roche 11873580001 

Crystal Violet Sigma HT90132 

DAPI Life Technologies P36935 

DTT GE Healthcare 17-1318-02 

EDTA Sigma E46758 
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Ethanol 96% Panreac 141085 

Ethanol absolute  Panreac 141086 

FastAP  ThermoFisher EF0651 

FastDigest Esp3I ThermoFisher FD0454 

Glycerol Sigma G5516 

Luria Broth Base 2500g Invitrogen 12795-084 

Methanol  Panreac 131091 

Nitrocellulose Membrane 0.2 μm Protran 10600001 

NP-40 AppliChem A1694 

PFA 16% EMS 15710 

PhosSTOP™ Roche 4906845001 

Ponceau Red Sigma P3504 

Propidium Iodide Sigma P4864 

qScript cDNA SuperMix Quantabio 95048 

Quick Ligase NEB M2200S 

RNase A Qiagen 19101 

SDS Sigma 71725 

Sodium chloride Sigma 433209 

SYBR Select Master Mix for CFX ThermoFisher 4472954 

SYBR™ Safe DNA Gel Stain ThermoFisher S33102 

T4 DNA ligase buffer NEB B0202S 

T4 PNK NEB M0201S 

TaKaRa Ex Taq® DNA Polymerase  Clonotech RR001A  

TEMED Sigma T9281 

TRIZMA-base Sigma T6066 

TRIZMA-HCl Sigma T3253 

Trizol   ThermoFisher 15596026 

Tween 20 Sigma P7949 
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Methods 
 

Cell culture 
Cell lines 
The BBL358 cell line was previously described (Cánovas et al., 2018). This 
is an epithelial cancer cell line derived from PyMT-induced mammary tumors 
in mice with Ubc-Cre-ERT2 and floxed alleles of the p38a-encoding gene 
Mapk14, which allows the 4-hydroxytamoxifen (4-OHT) inducible deletion 
of p38a. 
 
Adherent BBL358, HEK293T and MIA PaCa-2 cells were grown in 
Dulbecco’s modified eagle media (DMEM) supplemented with 10% foetal 
bovine serum (FBS), 1% Penicillin/Streptomycin and 1% glutamine. For sub-
culturing, the growth media was aspirated and cells were washed once with 
1x PBS and incubated with 1 ml trypsin at 37°C until detached. Cells were 
then collected in complete media, diluted 1/12 (BBL358), 1/8 (HEK293T) or 
1/6 (MIA PaCa-2) and re-plated in a new culture dish.  
 
SUP-T1 cells were grown in suspension in RPMI media supplemented with 
10% FBS, 1% Penicillin/Streptomycin and 1% glutamine. For sub-culturing, 
liquid cultures were diluted 1/4 with fresh complete growth media and 
transferred to a new culture dish.  
 
All cell lines were maintained in complete media at 37°C and with 5% CO2. 
 

Cell counting 
Cells were trypsinized, collected in a final volume of 5 ml of complete fresh 
media, and then were resuspended carefully and 10 µl of cell solution 
transferred to a BioRad counting slide. Cell numbers were determined using 
a BioRad TC10 Automated cell counter. 
 

Cryopreservation of mammalian cells 
Cells were collected by trypsinization, centrifuged for 5 min at 200 xg, 
resuspended in 10% DMSO/FBS freezing solution at 2x106 cells/ml and 
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transferred to 1.5 ml cryo-tubes. Cryo-tubes were stored in a Mr. Frosty 
container at -80°C for up to one week and then transferred to liquid nitrogen 
for long-term storage. 
 
To start cell cultures from frozen aliquots, cells were quickly thawed in a 
37°C water bath, and resuspended in 5 ml of fresh complete growth media 
followed by centrifugation for 5 min at 200 xg. Media containing DMSO was 
then carefully removed and cells were plated in an appropriate culture dish. 
 

Mycoplasma detection 
Cells were routinely tested for mycoplasma using a Mycoplasma Detection 
Kit. After 72 h of cell growth, 500 µl of the cell media was collected, 
centrifuged for 5 min at 200 xg and 100 µl of the supernatant transferred to 
a clean test tube. Then 100 µl of MycoAlert reagent was added, incubated 
for 5 min at room temperature (RT) after which the luminescence was 
measured and the value A recorded. Next, 100 µl of MycoAlert substrate was 
added, luminescence was measured after 10 min of incubation at RT and the 
value B was recorded. The ratio of B/A was used to determine the 
mycoplasma status according to manufacturer´s parameters, with B/A < 1 
indicating mycoplasma negative status of the samples. 
 

Cell treatments 

4-OHT 
4-OHT is the active metabolite of tamoxifen. 4-OHT binds to a modified 
fragment of the estrogen receptor (ER), which allows the Cre-ERT2 
recombinase to relocate into the nucleus where it induces the recombination 
of loxP sites. In our case, the activation of Cre-ERT2-induces the deletion of 
the Mapk14 gene that is flanked by loxP sites. To induce p38a	
downregulation, BBL358 cells were treated with 100 nM 4-OHT for 48 h. A 
10 mM stock was prepared in ethanol and stored at -20°C. 
 

Inhibitors of p38α MAPK 
PH-797804 is an ATP-competitive inhibitor that can target p38a and p38b 
with higher selectivity for p38a	(Hope et al., 2009). Cells were treated with 
2 µM PH-797804. A 2 mM stock was prepared in DMSO and stored at -20°C. 
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LY2228820 is an ATP-competitive inhibitor highly selective for p38a and 
p38b, with higher selectivity for p38a	 (Campbell et al., 2014). Cells were 
treated with 200 nM LY2228820. A 200 µM stock was prepared in DMSO 
and stored at -20°C. 
 

Rapamycin 
Rapamycin is an allosteric inhibitor of the mTOR complex (Heitman et al., 
1991; Sehgal et al., 1975). Cells were treated with the indicated 
concentrations of rapamycin. A 100 µM stock was prepared in DMSO and 
stored at -20°C 
 

Chloramphenicol 
Chloramphenicol is a synthetic antibiotic that can inhibit mitochondrial 
protein synthesis by inducing the stalling of mitochondrial ribosomes (Richter 
et al., 2013) Cells were treated with the indicated concentrations of 
chloramphenicol. A 100 mM stock was prepared in ethanol and stored at 4°C. 
 

5Z-7-oxozeaenol  
5Z-7-oxozeaenol is an ATP-competitive irreversible inhibitor of TAK1 
(Ninomiya-Tsuji et al., 2003). Cells were treated with the indicated 
concentrations of 5Z-7-oxozeaenol. A 10 mM stock solution was prepared in 
DMSO and stored at -20°C 
 

Calcium chloride transfection of HEK293T cells 
For the calcium chloride transfection, HEK293T cells were grown in 10 cm 
culture plates with 10 ml of growth media. Cells were plated in order to 
reach 70% confluence at the moment of transfection. Briefly, 10 µg of DNA 
were dissolved in 450 µl of water to which 50 µl of CaCl2 were added in a 
dropwise manner and incubated at RT for 5 min. Then, 500 µl of 2 x HBS 
were added dropwise, the mixture was incubated for 20 min at RT, and then 
added dropwise to the cells that were in complete DMEM and incubated 
overnight. The following day, media was replaced with fresh growth media. 
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PEI transfection of HEK293T cells 
For polyethylenimine (PEI) transfection, HEK293T cells were cultured in 6 
well plates. A day before transfection, 5.5x105 cells were plated per well in 
2 ml of complete growth media. The following day, 2 µg of DNA in 150 µl of 
Opti-MEM and 5 µl of PEI MAX reagent in 150 µl of Opti-MEM were 
incubated at RT for 5 min, then were combined and vortexed well, followed 
by a brief spin and incubation at RT for 40 min. The mixture was then added 
to the cells in a dropwise manner, and the media was replaced with fresh 
growth media 10-16 h after transfection. 
 

Lentivirus production 
For lentivirus production, the packaging plasmids VSV-G and Δ89 were 
mixed with the target DNA in a 0.1:0.9:1 ratio (Table 4), and HEK293T cells 
were transfected as described above depending on the culture dish format. 
Media containing viruses was collected 48 and 72 h after transfection and, 
unless indicated otherwise, pooled, centrifuged for 14 min at 200 xg and 
either used immediately or aliquoted and stored at -80°C. 
 
Table 4 | Amounts of DNA used for lentivirus packaging. 

 10 cm plate (CaCl2) 6 well plate (PEI) 

VSV-G 0.5 µg 0.1 µg 

Δ89 4.5 µg 0.9 µg 

DNA 5 µg 1 µg 

 

Generation of the BBL358-Cas9 cell line 
BBL358 cells were transduced with lentiviruses containing the Cas9-Blast 
construct (Addgene, #52962). Lentiviruses were generated in HEK293T cells 
using the calcium phosphate transfection and two rounds of infection (48 h 
and 72 h of virus generation) were performed in the presence of 8 µg/ml 
polybrene. After 48 h of infection, cells were split, selected with 5 µg/ml 
blasticidin, and Cas9 activity was assayed before further application.  
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Cas9 activity assay in BBL358-Cas9 cells  
The Cas9 activity in the BBL358-Cas9 cells was assayed using the pXPR-
011-EGFP reporter (Addgene, #59702) as described previously (Doench et 
al., 2014). This reporter plasmid drives the constitutive expression of both 
EGFP and an EGFP-targeting sgRNA. Cells transduced with the reporter are 
EGFP positive and puromycin resistant. When a cell also expresses active 
Cas9, the EGFP-targeting sgRNA allows the cleavage of the EGFP encoding 
sequence, disrupting its expression and abolishing cell fluorescence. The 
fraction of cells that are puromycin resistant but do not express EGFP 
indicate the cells expressing active Cas9.  
 
BBL358-Cas9 cells were transduced with lentiviruses containing the pXPR-
011-EGFP reporter. Lentiviruses were generated in HEK293T cells using 
calcium phosphate transfection and two rounds of infection (48 h and 72 h 
of virus generation) were performed in the presence of 8 µg/ml polybrene. 
Cells were then selected for 48 h with 3 µg/ml puromycin and assayed by 
flow cytometry 10 days after transduction. Non-transduced BBL358-Cas9 
cells were used as a negative control, and parental BBL358 cells transduced 
with the reporter (BBL358-XPR) as a positive control.  
 

Generation of mammalian knock-out cells using CRISPR/Cas9 
The DNA corresponding to a sgRNA targeting the gene of interest was 
cloned into the plasmids Lenti_sgRNA_EFS_GFP (Addgene #65656), pLenti-
Puro-GFP or pLenti-Puro-mCherry (Noordermeer et al., 2018). First, sgRNA 
oligos were phosphorylated and annealed in a 10 µl reaction containing 1 µl 
of forward and reverse sgRNA oligos (100 µM stock, Table 5), 1 µl of 10x T4 
Ligation buffer (NEB, B0202) and 1 µl of T4 PNK (NEB, M0201) using the 
following thermocycler program:  
 

37ºC for 30 min 
95ºC for 5 min  
Ramp down to 25ºC at 5ºC/min 
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Table 5 | sgRNA oligos used in this study. 

sgRNA Forward Reverse 

sg1-Zcchc14 
CACCGTGTGGACATC
CATGTCGAG 

AAACCTCGACATGGA
TGTCCACAC 

sg2-Zcchc14 
CACCGTTGAAAAGAT
AGACCTGAA 

AAACTTCAGGTCTATC
TTTTCAAC 

sg3-Zcchc14 
CACCGAATCTGGGCC
AGCCAAGCA 

AAACTGCTTGGCTGG
CCCAGATTC 

sg1-Rptor 
CACCGAAGCAGCTTC
AGTACATAG 

AAACCTATGTACTGA
AGCTGCTTC 

sg2-Rptor 
CACCGAACTTCGACTC
TGCAAGA 

AAACTCTTGCAGAGT
CGAAGTTC 

sg1-Rictor 
CACCGCTTCAGGAAC
GAGACAGAA 

AAACTTCTGTCTCGTT
CCTGAAGC 

sg2-Rictor 
CACCGACAGTTGGAG
GCTTTCCGA 

AAACTCGGAAAGCCT
CCAACTGTC 

sg1-Mrpl28 
CACCGAAGCCACAGC
TGTTCACTC 

AAACGAGTGAACAGC
TGTGGCTTC 

sg2-Mrpl28 
CACCGAGGCAGAGGC
CGAGTGGGT 

AAACACCCACTCGGC
CTCTGCCTC 

sg1-Mapk11 
CACCGTCCAATCGCTG
ATCCACGCG 

AAACCGCGTGGATCA
GCGATTGGAC 

sg1-Mapk12 
CACCGCAGCCGCACT
GGCAACAAGG 

AAACCCTTGTTGCCAG
TGCGGCTGC 

sg1-Mapk13 
CACCGCATGGGGATG
GAATTCAGCG 

AAACCGCTGAATTCC
ATCCCCATGC 

sg2-Mapk13 
CACCGCAGCTCGGCC
ATCGACAAG 

AAACCTTGTCGATGG
CCGAGCTGC 

sg3-Mapk13 
CACCGGGCTATGTGG
TGACCCGC 

AAACGCGGGTCACCA
CATAGCCC 

sg1-Mapk14 
CACCGCAGGCTACGT
GGCTACCAGG 

AAACCCTGGTAGCCA
CGTAGCCTGC 
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sg1-Lmx1a 
CACCGGGTGGGGTGA
GACCCTGT 

AAACACAGGGTCTCA
CCCCACCC 

sg1-Afm 
CACCGCAGGTTGTTAC
CGCCATG 

AAACCATGGCGGTAA
CAACCTGC 

sg1-Adcy6 
CACCGAGACCCGAGG
TTACATCC 

AAACGGATGTAACCT
CGGGTCTC 

sg1-Hc 
CACCGTAGAAGAAAA
TGATTACAC 

AAACGTGTAATCATTT
TCTTCTAC 

sg1-Igf2bp2 
CACCGTTGGCTGAAT
ATGGGACAG 

AAACCTGTCCCATATT
CAGCCAAC 

sg2-Igf2bp2 
CACCGCATAATCTCA
AGAATCATG 

AAACCATGATTCTTGA
GATTATGC 

sg1-Ranbp2 
CACCGATGGAAGAGC
AAAATACT 

AAACAGTATTTTGCTC
TTCCATC 

sg2-Ranbp2 
CACCGACTCACCAGC
ATAATCGG 

AAACCCGATTATGCT
GGTGAGTC 

sg2-Ccnb2 
CACCGCTCGCCTTAAG
AAGTGAAG 

AAACCTTCACTTCTTA
AGGCGAGC 

sg1-Gbgt1 
CACCGACGATGGGTG
CCAACCACG 

AAACCGTGGTTGGCA
CCCATCGTC 

sg2-Gbgt1 
CACCGCTGCTGACACT
TACCCCG 

AAACCGGGGTAAGTG
TCAGCAGC 

sg1-P2ry1 
CACCGGCTTCCTAGGC
AACAGCG 

AAACCGCTGTTGCCTA
GGAAGCC 

sg2-P2ry1 
CACCGTTGAAATCAC
ACATTTCTG 

AAACCAGAAATGTGT
GATTTCAAC 

sg1-Cuedc2 
CACCGGCAGGTGTGC
CTGAACGA 

AAACTCGTTCAGGCA
CACCTGCC 

sg2-Cuedc2 
CACCGCTTTGGCCAGC
ACCCACT 

AAACAGTGGGTGCTG
GCCAAAGC 

sgRosa26 
CACCGACTCCAGTCTT
TCTAGAAGA 

AAACTCTTCTAGAAA
GACTGGAGTC 
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For cloning, 3 µg of the expression plasmid were digested with FastDigest 
Esp3I and gel purified using QIAquick Gel Extraction Kit following the 
manufacturer’s instructions. The ligation mixture containing 50 ng of 
digested plasmid, 1 µl of diluted (1:200) oligo duplex, 5 µl of 2x Quick Ligase 
buffer and 1 µl of Quick ligase in a final volume of 10 µl was incubated for 
10 min at RT and then used to transform DH5a competent E.coli cells. 
Ampicillin resistant clones were selected, expanded and DNA extracted with 
a GenElute plasmid miniprep kit. The correct insertion of the sgRNA 
sequence was confirmed by sequencing the sgRNA plasmid with the U6 
Forward primer (GAGGGCCTATTTCCCATGATT).  
  
Lentiviruses were generated in HEK293T cells using either calcium 
phosphate or PEI transfection. BBL358-Cas9 cells were infected for 48 h in 
the presence of 8 µg/mL polybrene, selected with 3 µg/ml puromycin for 48 
h and then used for further analysis. The only exception was the sg1-
Zcchc14 sgRNA cloned into the Lenti_sgRNA_EFS_GFP, which does not 
express the puromycin resistance cassette. In this case, BBL358-Cas9 cells 
were transduced with sg1-Zcchc14, harvested 72 h post-infection, and the 
top 20% of the GFP expressing cells were sorted in a BD FACSAria Fusion 
Cell Sorter and then re-plated for further experiments.  
 

Cell viability assays 
Colony formation assay 
For colony formation assay, 1,200 cells in a 60 mm dish or 200 cells per well 
in a 12 well plate were plated. Treatment was added 24 h after plating and 
the cells were allowed to grow until visible colonies were formed (7-10 days 
depending on the treatment). Then, cells were washed with 1x PBS and 
stained with Crystal Violet by gently shaking at RT for 30 min. Afterwards 
the samples were rinsed at least 3 times with distilled water and left to dry. 
The colony area was measured using ImageJ. 
 

EdU labelling assay 
The EdU labelling assay allows the quantification of the percentage of cells 
undergoing proliferation. It relies on the incorporation of the thymidine 
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analogue 5-Ethynyl-2′-deoxyuridine (EdU) into the DNA of proliferating 
cells.  
 
Cells were incubated with 10 µM EdU for 1 h at 37°C and then processed 
according to the manufacturer’s instructions. Briefly, cells were collected by 
trypsinisation, washed with 1% BSA/PBS and fixed in 100 µl of 4% PFA for 
15 min at RT. Samples were then washed again with 1% BSA/PBS, and the 
cell pellets were resuspended in 100 µl of Click-IT reaction cocktail and 
incubated for 30 min at RT protected from light. Cells were then washed 
once with permeabilization and wash reagent and resuspended in PI staining 
solution containing 20 µg/ml propidium iodide and 0.1 mg/ml RNase A. 
Samples were analysed in a Gallios Flow Cytometer (Beckman Coulter) and 
using the FlowJo v10.7.1 software. 
 

Metabolic viability assays 

MTT assay 
600 BBL358 cells, 12,500 MIA PaCa-2 cells or 12,500 SUP-T1 cells per well 
were seeded in a 96 well plate in a final volume of 100 µl. Treatment with 
compounds was done 24 h after plating. After the desired incubation times, 
cell viability was determined with the MTT Cell Growth Assay following the 
manufacturer’s instructions. Briefly, 10 µl of reagent 1 was added to every 
well, incubated 4 h at 37°C followed by addition of 100 µl of solubilisation 
reagent 2 per well. The following day, the absorbance at 570 nm was read 
with a spectrophotometer (BioTek, #FLx800), and data was analysed with 
the GraphPad software. The absorbance from wells with no cells but with 
reagents added was used for baseline subtraction. For IC50 calculation, 
background subtracted data was fit with a nonlinear inhibitor vs response 
(variable slope) model with bottom constrained to 0. 
 

Real Time Glo assay 
The RealTime-Glo™ (RTG) Cell Viability Assay is a non-lytic bioluminescent 
method to determine cell viability in real time by measuring the reducing 
potential of cells. While conceptually similar to the MTT assay, it allows 
measuring cell viability over time as it is not toxic to cells. 
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Briefly, 600 BBL358 cells or 12,500 SUP-T1 cells were plated per well in a 
96 well plate in complete media supplemented with 1x RTG reagents. 
Luminescence measurements were then acquired daily by BioTek Synergy 
H1 plate reader. Data was normalised to the first time point (24 h). 
 

Cell death assay 
To measure cell death, cells were plated, treated the following day, and after 
72 h of treatment both growth media and adherent cells were collected by 
trypsinisation. Samples were washed once with 1x PBS and resuspended in 
1x PBS containing 40 µg/ml DAPI. Samples were analysed in a Gallios Flow 
Cytometer (Beckman Coulter) and using the FlowJo v10.7.1 software. 
 

Bright-field microscopy 
To acquire bright-field images, cells were imaged with a DMi8 Leica 
microscope and the obtained images were processed with ImageJ.  
 

Competitive proliferation assay 

Flow cytometry 
To assay the effect of target downregulation on cell viability, cells were 
infected with the sgRNA targeting a gene of interest in a construct that also 
expresses GFP. Transduction was done under conditions that result in less 
than 60% of cells infected. Without selection, this mix of cells that are 
transduced (express GFP) and non-transduced (no fluorescence) was split 
into two pools, one of which was treated with 4-OHT to induce p38a 
downregulation and the other left untreated as a WT control. Samples were 
then passaged every 2-3 days at a 1:12 dilution and the percentage of GFP 
positive cells was measured in a Gallios Flow Cytometer (Beckman Coulter) 
and analysed with FlowJo v10.7.1 software.  
 

Time-lapse imaging 
The time-lapse competitive proliferation assay was performed with the help 
of the IRB advanced digital microscopy facility. Cells were transduced with 
the targeting sgRNA plasmid expressing GFP or with a control sgRNA 
targeting the Rosa26 locus and expressing mCherry. After selection for 48 h 
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with 3 µg/ml puromycin, cells were treated for 48 h with 4-OHT (p38a KO) 
or left untreated (WT). Then, both p38a KO and WT cells with either 
targeting or control sgRNAs were mixed 1:1 and plated in a glass-bottom 96 
well plate. Starting the following day (24 h later), images were acquired 
every 12 h over 72 h using the Nikon Lipsi high content cell imaging platform, 
capturing a 3x3 grid at a 10x magnification and acquiring red and green 
fluorescence channels. The number of nuclei in each channel was quantified 
for each time point with ImageJ software using the StarDist plugin (Schmidt 
et al., 2018) and normalised to the nuclei count detected at the first time 
point.  
 

Molecular biology 
Protein detection by western blotting 

Protein extraction 
For extracting total protein, cell plates were processed on ice by washing 
twice with ice-cold 1x PBS and scraping the cells in 100 µl of RIPA lysis 
buffer. Cell lysates were then transferred to a 1.5 ml tube, vortexed well and 
incubated on ice for 30 min followed by 20 min centrifugation at 4°C and 
12,000 x g. The supernatant containing protein extract was then transferred 
to a new pre-chilled 1.5 ml Eppendorf tube and quantified. 
 

Determination of protein concentration 
Total protein concentration was quantified using the Lowry-based 
colorimetric quantification DC Protein Assay kit from Bio-Rad following the 
manufacturer’s instructions. The assay was performed in a microplate format. 
Briefly, reagent S and reagent A were pre-mixed (20 µl of reagent S added 
per 1 ml of reagent A) and 25 µl added to 2 µl of the protein sample pipetted 
per well in duplicates. Then 200 µl of the reagent B was added to each well 
and the plate incubated at RT for 15 min. Absorbance at 750 nm was read 
with spectrophotometer (BioTek, #FLx800) and protein concentration 
determined based on the BSA standard curve.  
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Western Blotting 
For western blotting, 40 µg of the total protein lysate were mixed with 
protein loading buffer (1x final concentration), boiled for 5 min at 95°C, 
centrifuged briefly and chilled on ice before loading the sample on an SDS-
PAGE gel of the desired acrylamide percentage (Table 6). Proteins were then 
separated for 1.5 h at 130 V and transferred from the gel to a nitrocellulose 
membrane using a wet blotting transfer system (Bio-Rad) for 1.5 h at 
constant amperage (300 mA).  
Table 6 | Laemmli SDS-polyacrylamide gel preparation 

 UNIT RESOLVING GEL STACKING GEL 

% Acrylamide  8% 10% 12% 14% 5% 

Milli-Q Water ml 12.7 11.5 10.3 9.1 5.8 

Acrylamide 40% 29:1 ml 4.8 6 7.2 8.4 1 

1.5M Tris pH 8.8 (RESOLVING)  
1M Tris pH 6.8 (STACKING)  

ml 6 6 6 6 1 

SDS 10% μl 240 240 240 240 80 

APS 10% μl 240 240 240 240 80 

TEMED μl 24 24 24 24 8 

 
After transfer, the membrane was dried for 10 min at 37°C, then rehydrated 
by 5 min incubation in 1x TBS. Efficient protein transfer was confirmed with 
Ponceau red staining. The membrane was then rinsed in 1x TBS and blocked 
in 5% non-fat dry milk diluted in 1x TBS gently shaking for 1 h at RT. After a 
brief rinse in 1x TBS, the primary antibody diluted with 5% BSA in TBS-
0.1%Tween (TBST) was incubated overnight at 4°C. The following day, the 
membrane was washed 3 x 5 min in TBST and incubated with the 
fluorophore-conjugated secondary antibody diluted in 5% BSA/TBST gently 
shaking for 1 h at RT and protected from light. Finally, the membrane was 
washed 2 x 5 min in TBST followed by one last wash for 5 min in 1x TBS and 
imaged using the Odyssey Infrared Imaging System. The antibodies used in 
this study are indicated in Table 7. 
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Table 7 | Antibodies used for western blotting 

Antibody Host Dilution Company Reference 

p38 MAPK, Phospho T180/Y182 
(Figures 1A and 18A) 

Rabbit 1:1,000 CST 9211 

p38 MAPK, Phospho T180/Y182  Mouse 1:1,000 BD 612288 

p38α  Mouse 1:1,000 Santa Cruz sc-535 

p38α (Figure 1A)  Rabbit 1:1,000 CST 9218 

p38γ  Rabbit 1:1,000 CST 2307 

p38δ Rabbit 1:1,000 CST 2308 

MK2, Phospho T334 Rabbit 1:1,000 CST 3007 

MK2 Rabbit 1:1,000 CST 3042 

HSP27, Phospho S82 Rabbit 1:1,000 CST 2401 

HSP27 Goat 1:1,000 Santa Cruz sc-1049 

Tubulin Mouse 1:10,000 Sigma T9026 

GAPDH Mouse 1:1,000 Sigma G8795 

Donkey anti-Goat IgG, 
Alexa Fluor 680 

Donkey 1:10,000 Invitrogen A21084 

Goat anti-Rabbit IgG (H+L), 
DyLight 680 

Goat 1:10,000 Invitrogen 35568 

Goat anti-Mouse IgG, 
Alexa Fluor 680  

Goat 1:10,000 Invitrogen A21057 

Goat anti-Rabbit IgG (H+L), 
DyLight 800 

Goat 1:10,000 Invitrogen SA5-35571 

Goat anti-Mouse IgG (H+L,  
DyLight 800 

Goat 1:10,000 Invitrogen SA5-35521 

 

qRT-PCR analysis of gene expression 
RNA extraction 
Cell plates were washed once with 1x PBS and then cells were collected in 
a 1.5 ml Eppendorf tube with 500 µl of Trizol reagent. To each sample, 100 
µl of chloroform were added and samples were vortexed briefly and 
centrifuged 15 min at 4°C and 12,000 x g. The aqueous phase was 
transferred to a new tube and mixed 1:1 with freshly prepared 70% ethanol. 
The RNA extraction was then performed using RNA Purelink MiniKit coupled 
with PureLink on column DNase treatment for residual DNA digestion 
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following manufacturer´s instructions. Samples were eluted in 30µl of RNase 
free water and the concentration was determined by measuring the 
absorbance at 260 and 280 nM using NanoDrop 2000 spectrophotometer 
(ThermoScientific). Samples were then either stored at -80°C or used directly 
for cDNA synthesis. 
 

cDNA synthesis 
The cDNA synthesis was performed with the qScript SuperMix following 
manufacturer´s instructions. Briefly, 1µg of RNA was mixed with 2 µl of 5x 
qScript SuperMix in a 10 µl reaction and the following thermocycler program 
was used: 

5 min at 25°C  
30 min at 42°C  
5 min at 85°C  
∞4°C 

 

Quantitative real time PCR 
For mRNA expression analysis, 20 ng of cDNA were mixed with 5 µl of SYBR 
Select Master Mix for CFX reagent and 0.25 µl of gene specific Forward and 
Reverse primers (10 µM stock solution) in a 10 µl final volume. The assay 
was performed in a 384-well plate with technical triplicates for each sample. 
The plate was sealed, centrifuged for 1 min at 200 ×g and run in 
QuantStudio™ 6 Flex Real-Time PCR System with the following program:  
 

50°C for 2 min 
95°C for 10 min 
40 cycles of: 

 denaturation at 95°C for 15 s 
 annealing and elongation at 60°C for 1 min 

95°C for 15 s 
60°C for 1 min  
95°C for 15 s  
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Relative mRNA levels were determined with the Comparative Ct method 
using the QuantStudio Real-Time PCR Software v1.3, and Gapdh and Hprt 
as endogenous controls. Primers used are shown in Table 8.  
 
Table 8 | Primers used for qRT-PCR analyses 

Gene Forward sequence 5’-3’ Reverse sequence 5’-3’ 

Hprt GAGAGCGTTGGGCTTACCTC ATCGCTAATCACGACGCTGG 

Gapdh CTTCACCACCATGGAGGAGGC GGCATGGACTGTGGTCATGAG 

Mapk12 GCGGGATTCTACCGGCAAG GCGAGACAGCTTCTTTACAGC 

Mapk13 ATGAGCCTCACTCGGAAAAGG GCATGTGCTTCAAGAGCAGAA 

Map2k3 ACTCCCGGACCTTCATCACTA ATGCCGCACTTTCTCTACCAC 

Map2k6 ATGTCTCAGTCGAAAGGCAAG TTGGAGTCTAAATCCCGAGGC 

 

Genome-wide CRISPR/Cas9 screen 
Screen conditions 
We used the lentiviral Brie CRISPR Pooled Library that targets 19,674 genes 
and contains 78,638 targeting sgRNAs and 1,000 non-targeting control 
sgRNAs (Addgene, 73633-LV).  
 
To determine the optimal virus volume in order to achieve a multiplicity of 
infection (MOI) close to 0.3, a trial infection experiment was performed. This 
step is important to minimise the possibility of a single cell being transduced 
with more than one sgRNA. Briefly, 3x106 cells were plated in 15 cm plates 
and transduced with several virus volumes (25 µl, 50 µl and 100 µl). After 
24 h, equal numbers of cells from each condition were split into two new 15 
cm plates, one containing complete medium and the other one containing 
complete medium supplemented with 3 µg/ml puromycin. The infection 
efficiency was determined based on the ratio of live cells after 48 h of 
puromycin addition compared to the non-treated control. Based on this trial, 
100 µl was selected as the volume expected to infect ~ 30% of the cells.  
 
For the screen, 1.2x108 cells were transduced in 15 cm plates, each 
containing 3x106 cells, 100 µl of virus and complete medium to a final 
volume of 12 ml per plate supplemented with 8 µg/ml polybrene. After 24 h 
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of infection, the media was replaced with fresh complete medium 
supplemented with 3 µg/ml puromycin. During the selection, cells were 
passaged every two days always maintaining at least 4x107 cells in total, 
which accounts for a 500x coverage. After 10 days of puromycin selection, 
4x107 cells were collected, centrifuged and stored at -80°C for DNA 
extraction as Day 0 sample. The rest of the cells were split into two groups 
with 4x107 cells per group. After letting the cells attach for 24 h, one group 
was treated with 100 nM 4-OHT in order to induce p38a deletion while the 
other group was left untreated as a WT control. After 48 h, 4x107 cells per 
condition were plated and the leftover cell suspensions were centrifuged and 
used for p38a deletion confirmation by western blotting. Cells were 
passaged every 2-3 days maintaining the 500x representation. After 7, 14 
and 21 days of the screening, 4 x 107 WT and the same number of p38a KO 
cells were collected, centrifuged and stored at -80°C for subsequent DNA 
isolation.  
 

sgRNA amplification and sequencing 
Genomic DNA was extracted from cell pellets using the Blood & Cell Culture 
DNA Maxi Kit following the manufacturer’s instructions. Approximately 
4x107 cells were loaded per column for each of the three samples, and 
sgRNAs were amplified with a two-step PCR. For each sample, 186 µg of 
genomic DNA were amplified in 10 PCR1 reactions (Table 9). 
 
Table 9 | Composition of the PCR1 reaction 

Reagent (µl) 

Takara ExTaq 0.5 

10x ExTaq Buffer 10 

dNTP mix 8 

10 µM Primer Forward 7.5 

10 µM Primer Reverse 7.5 

H2O 36.5 

DNA 30 
 

  
PCR1 program:  
 95°C for 1 min  
 11 cycles of:  
  95°C for 30 sec  
  55°C for 30 sec  
  72°C for 30 sec  
 72°C for 10 min 
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The PCR1 products were further processed by the CCiTUB Genomics Unit. 
Briefly, the PCR1 products of each sample were pooled and quantified with 
the Invitrogen Qubit dsDNA HS Assay Kit (Invitrogen, Q3285) to ensure 
proper amplification. The PCR2 reaction, in which the unique indexes for each 
library were added, was then performed with a 5 µl aliquot per sample taken 
from the pools of the PCR1 products.  
 
The conditions of the PCR2 were the same as for PCR1 except for the number 
of cycles. The optimal number of cycles for the PCR2 was determined using 
qPCR with SYBR-green. PCR2 products were then purified with Mag-Bind® 
Total Pure NGS (Omega BIO-TEK) beads in a PCR product-to bead ratio of 
1:1.1. Primers used are shown in Table 10. 
 
Table 10 | Primers used in sgRNA amplification PCR reactions 

Primer Sequence 5’-3’ 

PCR1-Forward 
AATGATACGGCGACCACCGAGATCTCGATTTCTTGGC 

TTTATATATCTTGTGGAAAGGACG 

PCR1-Reverse 
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTT 

CTACTATTCTTTCCCCTGCACTGT 

PCR2-P5-Forward AATGATACGGCGACCACCGAGATCT 

PCR2-NEBNext adaptor-
Reverse 

CAAGCAGAAGACGGCATACGAGATindexGTGA 
CTGGACTTCAGACGTGTGCTCTTCCGATC 

 
The resulting libraries were quantified with the Invitrogen Qubit dsDNA HS 
Assay, and the concentration and sizes were determined by electrophoresis 
with Agilent DNA 1000 chips. The PCR2 products were then sent to the 
CNAG-CRG sequencing facility where the final concentration of the library 
was quantified and similar quantities of different Day 0, WT Day 14 and KO 
Day 14 sample libraries were sequenced as a pool on Illumina HiSeq2500 
by 50-bp single-end sequencing. Due to the same sequencing platform 
being unavailable at the time of the Day 7 sample sequencing, WT Day 7 
and KO Day 7 sample libraries were sequenced by 50-bp single-end 
sequencing on Illumina NextSeq v2.5 together with the previously prepared 
Day 0 library in order to account for possible technical variability. Target 
coverage was 4x107 reads per sample. 
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CRISPR screen data analysis 
The initial analysis was performed by the IRB Biostatistics Unit. Reads were 
pre-processed by removing adapters using cutadapt (Martin, 2011) with 
parameters: 
"-e 0.2 –a GTTTTAGAGCTAGAAATAGCAAGTTAAAAT -m 18".  
 
Processed reads were aligned to both sgRNA probe sequences and controls 
using bowtie (v.0.12.9) with 0 mismatches allowed (Langmead et al., 2009). 
The number of reads aligning to each probe and sample were computed in R 
(R Core Team, 2008). The count matrix was normalized using the 
"varianceStabilizingTransformation" function from the DESeq2 R package 
(Love et al., 2014). Only control guides were considered in the size factor 
calculations (median ratio method (W. Li et al., 2014)). Top 50 hits are shown 
in Appendix Table 1. 
  
Gene set enrichment analysis (GSEA) was performed using the maxmean 
test statistic under restandardization (Efron & Tibshirani, 2007) on the 
observed log2FCs. Gene permutations were done to approximate statistical 
significance.  
 

Custom analysis 
To facilitate target prioritisation, datasets obtained from the analysis 
described above were further processed as following. First, for every gene, 
sgRNAs were categorized as enriched (KO > WT) or depleted (WT > KO) by 
comparing normalized counts in the two samples. The KO vs WT log2FC was 
determined by the average difference of normalized counts between KO and 
WT samples across the 4 sgRNAs. Each sgRNA was considered to follow 
the same trend as the gene if it matched the KO vs WT log2FC sign (>0 
enriched and <0 depleted). We filtered out target genes with low counts in 
the Day 0 sample (Day 0 sgRNA count lower than 50) (Behan et al., 2019). 
Genes that had absolute KO vs WT log2FC higher than 1.5, with at least 2 
out of the 4 sgRNAs following the gene global trend were classified as 
following: 
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Group A  
No effect in the WT and overrepresented in the KO sample:  
|WT vs Day 0 log2FC| < 1.5 & KO vs Day 0 log2FC > 1.5 
Group B  
No effect in the WT and underrepresented in the KO sample:  
|WT vs Day 0 log2FC| < 1.5 & KO vs Day 0 log2FC < -1.5 
Group C  
Underrepresented in the WT and no effect in the KO sample:  
WT vs Day 0 log2FC < -1.5 & |KO vs Day 0 log2FC | < 1.5 
Group Co 
Underrepresented in the WT and overrepresented in the KO sample:  
WT vs Day 0 log2FC < -1.5 & KO vs Day 0 log2FC > 1.5 
Group D  
Overrepresented in the WT and no effect in the KO sample:  
WT vs Day 0 log2FC > 1.5 & |KO vs Day 0 log2FC | < 1.5 
Group Do  
Overrepresented in the WT and underrepresented in the KO sample:  
WT vs Day 0 log2FC > 1.5 & KO vs Day 0 log2FC < -1.5 
Group E  
Overrepresented in both samples, but more so in the KO sample:  
WT vs Day 0 log2FC > 1.5 & KO vs WT log2FC > 1.5 
Group F  
Underrepresented in both samples, but more so in the KO sample:  
WT vs Day 0 log2FC < -1.5 & KO vs WT log2FC < -1.5 
 
For group level hypergeometric test (HGT) enrichment analysis, mouse gene 
symbols were converted to human and EnrichAnalyzer function from 
MAGeCKFlute R package was used (B. Wang et al., 2019). From the results 
obtained, only GO terms for which 4 or more genes are detected with 
adjusted p-value lower than 0.05 were taken into consideration. 
 

MAGeCK analysis 
Raw data obtained from the sequencing of Day 7 samples was processed 
together with the raw data of previously analysed Day 14 samples using 
MAGeCK algorithm. FASTQ files were mapped using MAGeCK (v0.5.9.2.) 
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“count” command with 0 mismatches allowed and counts normalised to 
control sgRNAs with “--norm-method control” parameter. Further analysis 
was performed in R. Principal Component analysis was performed using 
biplot function with log2 (normalised count+1) values of each sample. Next, 
sgRNAs with 50 or less counts detected in either of the replicates of Day 0 
sample were removed from the analysis and log2FC per gene for the desired 
comparison calculated as mean of log2 (normalized counts condition A +1 
/normalized counts condition B +1). In each case, pseudo count 1 was added 
to avoid calculating log2 (0).  
 
To define a more stringent threshold, the number of enriched or depleted 
sgRNAs per gene was defined as number of sgRNAs out of 4 with log2FC 
higher or lower than 1 for a given comparison and targets were assigned to 
custom groups as described above. Enrichment analysis was performed with 
MAGeCK Flute package.  
 

DepMap data analysis 
CRISPR Chronos gene effect, Chronos gene dependency, CCLE expression 
and sample info datasets were downloaded from the 2022 Q2 DepMap 
release using the Broad Institute’s DepMap portal (Dempster et al., 2021). 
Cell lines were characterized as dependent on a gene of interest if the gene 
dependency probability was higher or equal to 0.5. The MAPK14 gene effect 
was correlated to the gene effect score of all the other genes in the dataset 
across 1,086 cell lines. Pearson’s correlations were performed in R using the 
cor.test function followed by correction for false discovery using the 
Benjamini-Hochberg method of the p.adjust function in R and -log10 
normalisation of obtained values. The Wilcoxon test was used to compare 
the mRNA levels of different p38 MAPKs between p38a-Dependent (Dep) 
and Non-Dependent (NonDep) cell lines. 
 

Statistical analysis  
Data are represented as mean ± SD and statistical significance determined 
using Graph Pad Prism software by unpaired two-tailed Student´s test or 
two-way ANOVA with Dunnett’s multiple comparisons test unless indicated 
otherwise. All p-values < 0.05 were considered statistically different.  
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Genome-wide CRISPR/Cas9 screen 
 
To understand the molecular mechanisms underlying the p38α dependency 
of cancer cells, we performed a genome-wide CRISPR/Cas9 screen using the 
cancer cell line BBL358, previously described by our group to be dependent 
on p38a. These cells were derived from PyMT-induced mouse mammary 
tumours, and allow the 4-OHT-inducible and Cre mediated deletion of p38a. 
We chose this particular cell line for the CRISPR/Cas9 screen as it allows the 
efficient deletion of p38a and consistently exhibits impaired proliferation 
upon both p38a deletion and treatment with p38 inhibitors (Cánovas et al., 
2018).  
 
Treatment with 4-OHT led to the downregulation of p38a levels in these 
cells without affecting the protein levels of other p38 family members, 
although we consistently observed increased phosphorylation levels of 
either p38g or p38d (Figure 13A). Deletion of p38a impaired growth of 
BBL358 cells (Figure 13B), and this effect was maintained throughout 
several passages (Figure 13C). We also treated this cell line with two 
different p38a inhibitors, PH-797804 (PH) and LY2228820 (LY), and 
examined the pathway activation in response to anisomycin. As expected, 
anisomycin treatment led to increased phosphorylation levels of the p38a 
downstream cascade components MK2 and HSP27. Both p38a	deletion and 
treatment with p38a inhibitors efficiently prevented the increased 
phosphorylation of MK2 and HSP27 (Figure 13D). In addition, PH or LY 
treatment had a negative effect on the proliferation of BBL358 cells (Figure 
13E). Thus, we selected BBL358 cells as a robust cellular model of p38a 
dependency. The advantage of the genome wide CRISPR/Cas9 screen is the 
simultaneous functional testing of the effect of depleting the majority of the 
known protein coding genes. This can help us better understand the 
molecular mechanisms driving the cancer cell dependency on p38a.  
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Figure 13. PyMT derived breast cancer cells are p38a dependent. (A) 4-OHT 
treatment decreases p38a protein levels without affecting other p38 family members. 
Murine PyMT-derived BBL358 cancer cells were treated for 48 h with 100 nM 4-
hydroxytamoxifen (4-OHT) to induce p38a KO or left untreated (WT). Cell lysates 
were analysed by western blotting using the indicated antibodies. (B) Loss of p38a 
reduces colony formation capacity. Quantification (left) and representative images 
(right) of WT and p38a KO colony formation assays. After 48 h of 4-OHT treatment, 
cells were re-plated at low density, cultured for 7 days and stained with crystal violet. 
Statistical significance was determined with unpaired two-tailed t-test. Plot shows 
mean values of independent experiments (points) ± SD. (C) Deleterious effect of p38a 
depletion persists over several passages. Following 4-OHT treatment, WT and p38a 
KO cells were kept in culture for 2 weeks, counting the cells upon every passage. Plot 
shows cell numbers relative to WT cells at different days of subculturing as means of 
two biological replicates (points) ± SD. (D) The p38a deletion or inhibition abrogates 
downstream signalling. Cells were pre-treated for 48 h with 4-OHT, the p38a inhibitors 
2 µM PH-797804 and 200 nM LY2228820 or left untreated (WT), and then were 
treated for 40 min with 20 µM anisomycin. Cell lysates were analysed by western 
blotting using the indicated antibodies. (E) The inhibition of p38a impairs colony 
formation by BBL358 cells. Quantification (left) and representative images (right) of 
cell area upon p38a inhibition. Cells were plated at low density, treated with PH, LY 
or DMSO as control and stained with crystal violet after 7 days of plating. Statistical 
significance was determined with two-way ANOVA Dunnett’s multiple comparisons 
test. Plot shows mean values of independent experiments (points) ± SD.  
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To perform a genome-wide CRISPR/Cas9 screen in the isogenic WT and 
p38a KO BBL358 cells, aiming at the unbiased identification of targets that 
when depleted either boost or compromise the proliferation of p38a KO cells 
specifically, we chose the Brie mouse knockout (KO) pooled library (Doench 
et al., 2016). 

The first step was to establish BBL358 cells that stably express the active 
form of Cas9. To achieve this, we transduced the parental BBL358 cells with 
the lentiCas9-Blast construct (Sanjana et al., 2014). To ensure that the cells 
express an active form of Cas9, we transduced BBL358-Cas9 cells with the 
pXPR-011 EGFP reporter (Doench et al., 2014). This reporter constitutively 
expresses EGFP as well as an sgRNA that targets EGFP. In the presence of 
a functional Cas9 enzyme, EGFP is cleaved and the fluorescence is lost 
(Figure 14A). We assayed the percentage of GFP negative cells 10 days after 
transduction with the reporter, using non-transduced BBL358-Cas9 cells as 
a negative control that does not express EGFP and parental BBL358 cells 
that do not express Cas9, but are transduced with the reporter construct as 
a positive control. Based on the flow cytometry analysis, 70% of the 
BBL358-Cas9 cells lost the EGFP expression, indicating that the majority of 
BBL358-Cas9 cells express an active Cas9 (Figure 14B). 

Figure 14. BBL358-Cas9 cells express active Cas9. (A) Scheme of the Cas9 
activity assay. (B) The majority of BBL358-Cas9 cells express active Cas9. BBL358-
Cas9 cells were transduced with the pXPR-011-EGFP reporter, which in the presence 
of active Cas9 loses green fluorescence. Cells were assayed by flow cytometry 10 
days after transduction. Non-transduced BBL358-Cas9 were used as a negative and 
parental BBL358 transduced with the reporter (BBL358-XPR) as a positive control. 
Histogram (left) and percentage of GFP negative (-) cells (right) show that around 70% 
of BBL358-Cas9 cells express active Cas9. 
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The general strategy that we undertook for the CRISPR/Cas9 screen is 
shown in Figure 15. Briefly, we infected 120 million BBL358-Cas9 cells to 
obtain 40 million infected cells in order to ensure transduction of 500 cells 
per sgRNA (500x coverage). Cells were infected for 24 h and then selected 
for 10 days, splitting when necessary and always maintaining enough cells 
in culture to retain the 500x library representation. After 10 days of selection, 
40 million cells were collected as a Day 0 and the remaining cells were split 
into two groups, one was kept as WT control, and in the other p38a deletion 
was induced with 4-OHT treatment. After two weeks of splitting the cells 
every 2-3 days (around 20 cell doublings), WT and p38a KO cells were 
collected for DNA extraction, sgRNA amplification and sequencing. 
 

In order to follow any potential changes in the growth of the cells, we 
performed several assays throughout the screening. First, we confirmed by 
western blotting that p38a was indeed deleted in the KO cells, and that this 
downregulation was maintained until the end of the screen (Figure 16A). 
Next, we evaluated by EdU incorporation assay the percentage of 
proliferating cells in the different samples. We observed that, while in the 
initial time point p38a KO cells had a lower percentage of proliferating EdU+ 
cells, this difference was lost after two weeks of culturing, as both control 

Figure 15. Scheme of the genome-wide CRISPR/Cas9 screen. 1.2x108 BBL358-
Cas9 cells were transduced for 24 h with 100 µl of the Brie genome-wide library. After 
10 days of puromycin (3 µg/ml) selection, Day 0 sample was collected and the 
remaining cells were split into WT and p38a KO groups in which p38a was depleted 
by treating 48 h with 100 nM 4-hydroxytamoxifen (4-OHT). Cells were cultured for 14 
days, and then WT and p38a KO samples were collected for DNA isolation, sgRNA 
amplification and sequencing. At every passage and sample collection, the coverage 
of 40x106 cells per group was maintained to ensure the 500 cells per sgRNA (500x) 
representation. 
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(BBL358-Cas9) and library infected (Brie-Cas9) p38a KO cells had similar 
percentage of proliferating EdU+ cells relative to their WT controls (Figure 
16B). Similar results were observed in colony formation assays. In this case, 
while the control BBL358-Cas9 cells were still affected by the absence of 
p38a after two weeks in culture, we could no observe no differences in the 
colony formation ability of the library transduced WT and p38a KO cells 
(Figure 16C). 
 

Figure 16. Proliferation of CRISPR library-infected cells increases by the end of 
the screen. (A) Protein levels of p38a are depleted throughout the screening. 
Western blot analysis of total p38a levels in WT and p38a KO cells either before 
(BBL358-Cas9) or after library infection (Brie-Cas9), and collected after 48 h of 100 
nM 4-hydroxytamoxifen (4-OHT) treatment (Day 0) or after two weeks of culturing 
(Day 14). (B) The decreased percentage of EdU+ proliferating cells induced by p38a 
depletion is not observed after 2 weeks of culturing. Control BBL358-Cas9 or library 
transduced Brie-Cas9 cells were plated for 48 h after 4-OHT treatment (Day 0) or after 
2 weeks of passaging (Day 14), grown for another 48 h, pulsed with EdU and analysed 
by flow cytometry. The plot shows the mean percentage of EdU+ cells of two biological 
replicates ± SD. (C) Library transduced p38a KO cells regain colony formation 
capacity. Control BBL358-Cas9 or library transduced Brie-Cas9 cells were plated at 
low density either 48 h after 4-OHT treatment (Day 0) or after 2 weeks of passaging 
(Day 14) and stained with crystal violet 7 days later. The plot shows mean cell area 
as percentage of the respective WT samples in two biological replicates ± SD. 
Representative images are shown in the right. 
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CRISPR/Cas9 screen data analysis 
The analysis of the reads obtained from sequencing Day 0, WT and p38a KO 
samples indicated that more than 60% of the obtained reads were mapped 
to a sgRNA without any mismatch allowed (Figure 17A). Gini index 
(describing the sgRNA distribution inequality) was 0.06 for the initial Day 0 
sample and 0.14 for the endpoint WT sample, both within acceptable range 
based on the previous literature (Wang et al., 2019), while 0.25 in the KO 
sample indicated slightly higher heterogeneity of the read count distribution 
(Figure 17B). Similarly, the percentage of sgRNAs not detected (zero count 
sgRNAs) was higher in the endpoint samples (Figure 17C).  
 
We first looked at the raw counts for sgRNAs targeting p38a (Mapk14) and 
found that 3 out of 4 sgRNAs were depleted in the WT sample while the 4th 
sgRNA was detected at very low levels in the initial sample, indicating a 
deleterious effect of p38a depletion in this cell line as expected. However, a 
similar behaviour was observed in the KO sample, which was a bit surprising 
as we would expect no effect in the p38a KO cells (Figure 17D). 

Next, raw counts were normalised using DESeq2 and the log2FC values were 
calculated. Gene set enrichment analysis (GSEA) of targets differentially 

Figure 17. Quality control of CRISPR/Cas9 screen. (A) Sufficient number of reads 
was successfully mapped to a sgRNA. Bar plots show the total number of reads (grey) 
and percentage of mapped reads (blue) obtained for Day 0 sample and Day 14 WT 
and p38a KO samples. (B) The sgRNA distribution evenness is decreased at the final 
time point. Bar plot shows Gini index of sgRNA counts in Day 0, WT and p38a KO 
samples. (C) Proportion of non-detected sgRNAs increases in the endpoint samples. 
Bar plot shows the percentage of all sgRNAs present in the library not detected. (D) 
p38a (Mapk14) targeting sgRNAs are lost in the WT sample. Plot shows raw sgRNA 
counts of 4 individual sgRNAs across Day 0, WT and p38a KO samples. Dashed line 
connects the same sgRNA. 
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enriched in the p38a KO compared to the WT sample identified DNA repair, 
G2/M checkpoint and chromosome segregation as processes enriched in 
targets that synergize with the p38a KO, further recapitulating the results of 
Cánovas et al. (2018). Additional processes found in this group were mTOR 
signalling and RNA processing. Fewer terms were found enriched among the 
processes predicted to increase the viability of p38a KO cells, suggesting 
that there are few processes whose downregulation can rescue the 
deleterious effect of p38a KO in our model (Figure 18A, B). 

Figure 18. Top processes and targets enriched in the p38a KO sample. (A)(B) 
Gene set enrichment analysis (GSEA) of the comparison between p38a KO and WT 
cells querying (A) KEGG or (B) HALLMARK databases. Most significantly enriched 
(red) or depleted (blue) terms with |NES| > 1 and p-value < 0.05 are shown. (C) 
Heatmap showing the top 10 targets with sgRNAs enriched (red) or depleted (blue) in 
p38a KO compared to the WT cells. Targets were sorted based on the KO vs WT 
log2FC values and the top 10 enriched or depleted targets were plotted. Numbers in 
the heatmap represent the log2FC of the target comparing WT to Day 0 (WT/Day 0), 
KO to Day 0 (p38a KO/Day0) or KO to WT samples (p38a KO/WT). sgRNA legend 
indicates the number of sgRNAs (out of 4) that show the same phenotype. 
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Looking at the top 10 enriched or depleted hits, we identified Zcchc14 as the 
top enriched target, with 4 sgRNAs overrepresented in the KO sample, while 
Lmx1a was the top depleted target, with all 4 sgRNAs lost in the KO sample 
compared to the WT. Curiously, the effect of depleting these targets in the 
WT cells varied, as loss of some of the targets is predicted to increase the  
viability of WT cells while being lethal in the p38a KO background (e.g. 
Lmx1a, Ranbp2). In contrast, some of the sgRNAs enriched in the KO sample 
were underrepresented in the WT sample (e.g. Adprhl2, Zdhhc12) (Figure 
18C). This observation motivated us to further classify the putative hits based 
on the effect they might have in WT cells. 
 
We defined several subgroups among putative hits based on the effect that 
their downregulation had in WT cells (Figure 19A). By comparing WT and 
p38a KO cells with the Day 0 sample, we defined targets with absolute 
log2FC higher than 1.5 as differentially enriched, and assigned them to 
distinct groups. This approach retrieved 977 genes whose downregulation 
promoted viability (group A) and 1901 genes that were essential (group B) 
exclusively in the p38a KO background. We could also define a group of 
targets for which the p38a KO rescued the deleterious (Group C - 415 hits) 
or beneficial (Group D - 184 hits) effect observed in the WT sample. In 
addition, we detected a small group of genes that had opposite effects in the 
p38a KO cells compared to the WT cells, i.e., depletion of these targets 
impaired the viability of WT cells but promoted the viability of the KO cells 
(group Co - 26 genes), or vice versa, target lost decreased the viability of 
p38a KO cells but enhanced viability in the WT cells (group Do - 20 targets). 
Finally, we also identified targets that were either enriched (group E, 23 
genes) or depleted (Group F - 152 genes) in both p38a KO and WT cells, but 
displayed a stronger effect in the p38a KO (Figure 19B). 
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 To get a better idea of the processes found in each of the groups, we 
performed a hypergeometric test (HGT) enrichment analysis querying gene 
ontology (GO), KEGG and REACTOME databases (Figure 20). Among the 
targets enriched only in the p38a KO background, histone H3-K9 
demethylation was detected as a potentially interesting enriched term. The 
majority of other terms enriched in the targets with increased viability in the 
p38a KO cells compared to the WT cells were coming from group C, targets 
that have no effect on the p38a KO cells but are detrimental to the viability 
of WT cells. Terms enriched in this group included oxidative phosphorylation 
and respiratory electron transport, indicating that perhaps p38a depletion 
renders cells less sensitive to OXPHOS disruption. We further found that 
genes in the group B, which are expected to be deleterious only in the p38a 
KO cells, were related to DNA replication and RNA processing, in line with 
the previous GSEA analysis results (shown in Figure 18A,B). Interestingly, 
mitochondrial translation was also found enriched in this group (Figure 20C). 
 

Figure 19. Classification of hits according to the DESeq2 custom analysis. (A) 
Scheme showing the expected phenotypes of targets found in the different groups 
defined in the custom analysis. (B) Scatter plot showing the number of targets 
detected in each of the groups. Only the targets with 2 or more sgRNAs following the 
same trend and log2FC higher than 1.5 or lower than -1.5 were considered as 
differentially enriched. Groups A and B consist of targets differentially enriched 
exclusively in the p38a KO cells. Depleting targets in groups C, Co, D and Do only 
affects the WT cells. Groups E and F contain targets that are enriched or depleted in 
both samples but have a more extreme phenotype in the p38a KO cells. 
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Figure 20. Enriched processes in the custom analysis. Enrichment of gene sets 
in the previously defined groups of interest were detected by hypergeometric test 
(HGT) enrichment analysis querying Gene Ontology (A), KEGG (B), and REACTOME 
(C) databases. Top enriched terms with normalised enrichment score |NES| > 1 and 
p-value < 0.05 are shown. Size of the point corresponds to NES and colour to the 
groups described in Figure 19. 
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Next, we looked at the top 10 enriched or depleted genes in each of the 
groups (Figure 21). Among the overall top targets some were supposed to 
have an effect only in the p38a KO cells, and were categorised in groups A 
and B, for instance Zcchc14 the most enriched target, which falls in the group 
A and is expected to have an effect only in the p38a KO cells (Figure 21A,B). 
However, other targets seemed to exert opposite effects when depleted in 
the p38a KO cells compared to the WT cells. These include the previously 
identified top depleted target Lmx1a, which is assigned to group Do and its 
loss is expected to increase the viability of WT cells, while being detrimental 
in the p38a KO cells.  
 
Overall, we detected several targets and processes potentially 
interconnected with p38a function. We decided to prioritise Zcchc14 as the 
top enriched target, and mTOR signalling and mitochondrial translation as 
processes whose disruption is expected to sensitise cells to p38a depletion. 
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Figure 21. Top 10 enriched or depleted genes in the custom analysis. Top 10 
genes regardless of the group (A), and top 10 enriched or depleted genes in groups 
A and B (B), C and D (C) and Co and Do (D). Numbers indicate log2FC and the sgRNA 
legend indicates the number of the sgRNAs with the same phenotype.  
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Validation of the CRISPR/Cas9 screen hits 
 
In order to assess the effect of putative targets on the viability of the p38a 
KO cells, we decided to employ parallel approaches to increase the 
probability of obtaining reliable results. For testing the effect of deleting 
individual genes, we cloned sgRNAs targeting the gene of interest in a 
lentiviral sgRNA expression plasmid that also expresses a fluorescent 
protein, thus facilitating the detection of cells with incorporated sgRNAs 
either by flow cytometry or microscopy. In addition to testing the cell viability, 
the fluorescently labelled cells allowed us to perform competitive 
proliferation assays. This approach entails mixing the cells infected with the 
GFP expressing sgRNA plasmid together with the mCherry expressing 
control cells and splitting them into 2 groups, one in which p38α KO is 
induced and the other WT. This mimics the CRISPR screen performed as it 
allows us to track the growth dynamics of the mixed population over time to 
learn whether loss of the target gene affects the competitive advantage of 
the p38α KO cells relative to the control cells. When possible, these analyses 
were complemented with the use of available chemical inhibitors against 
targets of interest. 
 

Figure 22. Assays used for the validation of CRISPR/Cas9 screen hits. GOI – 
Gene Of Interest, p38i – p38a inhibitor, sg – sgRNA; IC50-half maximal inhibitory 
concentration. 
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Depleting Zcchc14 increases viability of p38a KO cells 
We first focused on the top enriched target Zcchc14, which encodes a 
Smaug-like RNA binding protein with a SAM domain that facilitates binding 
to common stem-loop elements of target mRNAs (Aviv et al., 2003). It 
belongs to the zinc finger CCHC-type superfamily (Wang et al., 2021), and 
has recently been identified as an essential host factor that forms a complex 
with noncanonical poly(A) polymerases TENT4A and TENT4B (Papd7 and 
Papd5), which generate a mixed poly(A) tail with intermittent non-adenosine 
residues such as guanosine, facilitating viral infection (Hyrina et al., 2019; 
Kim et al., 2020; Kulsuptrakul et al., 2021). Interestingly, our screening 
showed that both Papd7 and Papd5 sgRNAs were enriched in the p38a KO 
cells, although to a lesser extent than Zcchc14, suggesting a potential role 
of this complex in the deleterious effect of p38a depletion in cancer cells 
(Figure 23A). 
 
Depleting Zcchc14 is expected to boost the proliferation of p38a KO cells 
while having no effect in the WT cells. To test this, we transduced BBL358-
Cas9 cells with a sgRNA targeting Zcchc14 (sg1-Zcchc14). Colony formation 
assays showed increased viability of sg1-Zcchc14 transduced cells upon 
treatment with the p38a inhibitor LY compared to the control cells (Figure 
23B). We repeated the transduction with sg1-Zcchc14 and without selecting 
the transduced cells, split the cells into two pools. In one we induced the 
p38a KO with 4-OHT treatment while the other was left untreated as WT 
control. As comparison we used cells transduced with a sgRNA that targets 
p38b (Mapk11), as we expected that depleting p38b in this model has no 
effect on proliferation of p38a KO cells. As the sgRNA transduced cells also 
express GFP, we assayed the percentage of GFP+ sgRNA transduced cells 
by flow cytometry at 1, 4 and 8 days after p38a deletion. No selection for the 
cells that express the sgRNA allowed us to directly compare sg1-Zcchc14 
transduced cells that are GFP+ with the control non-fluorescent cells. While 
the percentage of the control sgMapk11 cells and sgZcchc14 transduced WT 
cells did not change through the course of the assay, the population of 
sgZcchc14-p38a KO cells increased by the end of experiment suggesting 
that deleting Zcchc14 conferred a competitive advantage to the p38a KO 
cells (Figure 23C). 
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Figure 23. Targeting Zcchc14 increases the viability of p38a KO cells. (A) 
Heatmap showing the enrichment of sgRNAs targeting the Papd5 and Papd7 
noncanonical poly(A) polymerases. Numbers in the heatmap show the log2FC of the 
indicated comparisons. The sgRNA legend states the number of sgRNAs (out of 4) 
with the same phenotype. (B) BBL358-Cas9 cells were transduced with a lentivirus 
expressing GFP and a sgRNA targeting Zcchc14 (sg1-Zcchc14), and 48 h later GFP+ 
cells were sorted by FACS and expanded. For colony formation assays, cells were 
plated at low density, treated with 200 nM LY2228820 (LY) or DMSO as control, and 
stained with crystal violet 7 days later. Representative images (left) and quantification 
of two independent experiments (right) shown as percentage of the control DMSO 
treated sample. (C) BBL358-Cas9 cells were transduced with vectors expressing GFP 
and either sg1-Zcchc14 or a sgRNA targeting Mapk11 (Control), treated with 4-
hydroxytamoxifen (4-OHT) for 48 h to induce p38a KO or left untreated, replated and 
passaged every 2-3 days. The GFP+ population was measured by flow cytometry 
after 1, 4 and 8 days of growth. Plot shows the mean of two technical replicates ± 
SD.(D) Viability of BBL358-Cas9 cells transduced with two independent sgRNAs 
targeting Zcchc14 (sg2-Zcchc14 and sg3-Zcchc14) or the Rosa26 locus (sgRosa26) 
as control was measured by RealTime-Glo (RTG) assay. After infection with the 
sgRNA expressing plasmids, cells were selected for 48 h with 3 µg/ml puromycin, and 
then either treated for 48 h with 4-OHT (p38a KO) or left untreated (WT) and replated 
in media supplemented with the RTG reagents. Cell metabolic activity was followed 
by daily measurement of luminescence levels. Plots show luminescence levels 
relative to the signal detected after 24 h of growth. Lines connect the means of two 
technical replicates. 
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To further confirm these observations, we designed two additional Zcchc14 
targeting sgRNAs, and also included a Rosa26 targeting sgRNA as a control 
that leads to a genomic DNA cut in a ‘safe-harbour’ location in the genome, 
mimicking the DNA damage effect of the CRISPR/Cas9 system without 
targeting any particular gene (Friedrich & Soriano, 1991). Following the 
metabolic activity of the cells, we observed increased viability of the p38a 
KO cells transduced with the two sgZcchc14 constructs, while the control 
sgRosa26-expressing cells exhibited the expected decrease of growth upon 
p38a depletion (Figure 23D). 
 
Additionally, we infected BBL358-Cas9 cells with the sgRosa26 cloned into 
an mCherry expressing plasmid and mixed them 1:1 with the sgZcchc14-
GFP expressing cells. After 48 h of 4-OHT treatment, we imaged the mixed 
populations over 72 h, acquiring images every 12 h. The results again 
showed an increased proliferation of the p38a KO cells upon targeting 
Zcchc14. Indeed, by the end of the experiment, sgZcchc14 transduced cells 
represented the majority of cells detected in the p38a KO wells, further 
confirming that Zcchc14 depletion rescues the effect of p38a deletion 
(Figure 24A,B). 
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Figure 24. Targeting Zcchc14 increases the proliferation of p38a KO cells. 
BBL358-Cas9 cells were transduced with sg2-Zcchc14-GFP (A) or sg3-Zcchc14-GFP 
(B) and with control sgRosa26-mCherry, selected for 48 h with puromycin, and treated 
for another 48 h with 4-OHT (p38a KO) or left untreated (WT). Both p38a KO and WT 
cells expressing with sg-Zcchc14 (green) or sgRosa26 (red) were mixed 1:1, plated 
and 24 h later were imaged every 12 h over 72 h. The number of nuclei in each 
channel was quantified for each time point and normalised to the cell count detected 
at the first imaging time point (T0). Representative images (left) and quantification 
(right) of the time-lapse imaging are shown. Lines and larger symbols indicate mean 
values of two technical replicates (smaller symbols). 
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Inhibiting p38a potentiates the effect of mTOR inhibition 
Although p38a has been reported to activate mTOR signalling (Cully et al., 
2010; Hernández et al., 2011), the extent of the crosstalk between p38a and 
mTOR is not clear. Based on the CRISPR screen, disrupting the mTOR 
signalling was predicted to sensitise cells to p38a depletion, hence we set 
out to test this using rapamycin, an mTOR inhibitor.  
 
After 72 h of combined treatment with p38a inhibitors and rapamycin, we 
observed a consistent decrease of cell viability compared to the rapamycin 
treatment alone (Figure 25A). This was reflected in decreased IC50 values 
as inhibiting p38a reduced the concentration of rapamycin necessary to 
achieve 50% of viability decrease (Figure 25B). Of note, rapamycin had a very 
striking effect on the viability of WT cells at doses as low as 1 nM. To test if 
the observed decrease in viability was due to lower cell survival, we 
performed a cell death assay after 72 h of treatment with rapamycin in 
combination with p38a inhibitors or DMSO as control. However, we 
observed no increase in DAPI+ dead cells upon rapamycin treatment and no 
effect of p38a inhibition (Figure 25C), but we cannot exclude the possibility 
of increased cell death levels at later time points. On the other hand, colony 
formation assays showed decreased cell area after two weeks of treatment 
with both mTOR and p38a inhibitors compared to the effect of single 
inhibitor treatment (Figure 25D). Overall, these results suggest that 
impairing mTOR signalling potentiates the deleterious effect of p38a 
inhibition in our cancer cell model.  
 
Rapamycin inhibits mTOR signalling by forming a complex with the prolyl-
isomerase FKBP12 which then sequesters and inhibits mTOR activity. While 
rapamycin is able to target mTOR in the mTORC1 complex, in the mTORC2 
complex the rapamycin-FKBP12 binding site is protected by the scaffold 
protein RICTOR. In this line, mTORC1 and mTORC2 are often described as 
rapamycin-sensitive and rapamycin-resistant, respectively. Although 
rapamycin cannot bind directly to mTOR while it is forming the mTORC2 
complex, it has been shown that prolonged treatment with rapamycin does 
lead to mTORC2 inhibition (Lamming et al., 2012; Sarbassov et al., 2006). 
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Figure 25. Inhibiting p38a potentiates the cytostatic effect of mTOR inhibition. 
(A) Combined p38a and mTOR inhibition decreases BBL358 cancer cell viability. 
Representative dose-response curve of an MTT assay performed after 72 h of 
treatment with increasing doses of the mTOR inhibitor rapamycin in combination with 
the p38a inhibitors 2 μM PH-797804 (PH), 200 nM LY2228820 (LY) or DMSO as 
control. Data represent mean ± SD of the measured viability normalised to DMSO 
non-treated (DMSO-NT) sample. (B) Inhibiting p38a decreases rapamycin IC50 
values. Bar plots show mean IC50 values normalised to DMSO from 5 independent 
MTT experiments performed after 72 h of treatment ± SD. Statistical significance was 
determined using one-way ANOVA Dunnett multiple comparison test. (C) Inhibiting 
both mTOR and p38a has no effect on cell death levels. Cells were plated and treated 
the following day with the indicated doses of rapamycin in combination with 200 nM 
LY for 72 h, then collected and stained with DAPI. Plot shows the mean percentages 
of DAPI+ dead cells in the two technical replicates of the indicated samples. (D) 
Colony formation potential is impaired upon treatment with p38a inhibitors and 
rapamycin. Cells were plated at low density and treated with the indicated 
concentrations of rapamycin together with the p38a inhibitors PH and LY or with 
DMSO as a control, and stained with crystal violet two weeks later. Representative 
images are shown in the left and quantification of three independent experiments 
(right) shows the cell area percentage normalised to the DMSO-NT samples. Distinct 
point shapes indicate technical replicates from the same experiment. 
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In order to investigate which of the two complexes might be responsible for 
the observed effect, we first looked at the CRISPR screen enrichment values 
of different core components and downstream targets of mTORC1 and 
mTORC2. Both complexes contain the core components mTOR and mLST8, 
and a complex specific scaffold unit named RAPTOR (Rptor, mTORC1) or 
RICTOR (Rictor, mTORC2). PRAS40 (Akt1s1) is a Raptor-interacting protein 
that can inhibit mTORC1, while DEPTOR (Deptor) is an endogenous inhibitor 
of both mTORC1 and mTORC2. Activated mTORC1 can phosphorylate S6K1 
(Rps6kb1) or 4E-BP1 (Eif4Ebp1), while AKT (Akt1) and SGK1 (Sgk1) are 
phosphorylated by mTORC2 (Figure 26A). Based on our analysis, depleting 
mTOR or mLST8 should be deleterious in both WT and p38a KO cells, while 
depleting RICTOR or SGK1, a scaffolding unit and a downstream target of 
mTORC2, respectively, is predicted to have a deleterious effect only in the 
p38a KO cells, suggesting that perhaps inhibiting the mTORC2 complex 
increases the sensitivity to p38a inhibition (Figure 26B).  
 
To test this, we decided to target the RAPTOR subunit of mTORC1 and the 
RICTOR subunit of mTORC2 with sgRNAs. We observed decreased viability 
of both sgRptor and sgRictor transduced cells upon p38a deletion or 
treatment with the p38a inhibitor LY, although the WT cells transduced with 
sgRNAs also had reduced colony formation potential. Of note, we have not 
confirmed downregulation of the targeted genes and it is possible that the 
observed phenotypes are due to incomplete target downregulation.  
 
Altogether, it seems that the effect of mTOR pathway disruption is 
potentiated by p38a depletion or inhibition, however further experiments 
would be needed to elucidate the underlying mechanism. 
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Figure 26. Targeting mTORC1 or mTORC2 is lethal for BBL358 cells. (A) Scheme 
showing the known components and downstream targets of the mTOR complex 1 
(mTORC1) and mTOR complex 2 (mTORC2). Figure adapted from (Liu & Sabatini, 
2020). (B) Heatmap showing the enrichment of sgRNAs targeting genes encoding 
components and downstream substrates of mTORC1 (left) and mTORC2 (right). 
Numbers in the heatmap show the log2FC of the indicated comparisons. The sgRNA 
legend states the number of sgRNAs (out of 4) with the same phenotype. (C) 
Targeting RAPTOR (Rptor) or RICTOR (Rictor) impairs BBL358 cell viability. BBL358-
Cas9 cells were transduced with two independent sgRNAs targeting Rptor (sg1-Rptor, 
sg2-Rptor), Rictor (sg1-Rictor, sg2-Rictor) or a control Rosa26-sgRNA, and were 
selected for 48 h with 3 µg/ml puromycin. After 48 h of treatment with 4-
hydroxytamoxifen, to induce the p38a KO , or with 200 nM of the p38a inhibitor 
LY2228820 (LY) or DMSO as control, cells were plated at low density and stained 
with crystal violet 7 days later. Representative images (above) and quantification 
(below) are shown as the cell area percentage of DMSO treated control sample. 
Shape denotes biological replicates. 
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p38a KO cells are sensitized to mitochondrial translation 
inhibition 
To check if impairing mitochondrial translation synergises with p38a 
inhibition as expected based on the CRISPR screen analysis, we first 
performed experiments with chloramphenicol, an antibiotic described to 
inhibit mitochondrial translation (Richter et al., 2013). 
 
We observed a consistent decrease in viability when chloramphenicol was 
combined with p38a inhibitors, which was further reflected in decreased 
IC50 values (Figure 27A,B). To test if the observed decrease in viability was 
due to a decrease in cell survival, we tested the cell death levels after 72h of 
treatment. However no difference in cell death levels was observed, 
suggesting that neither chloramphenicol treatment increases cell death 
levels at this time point nor this changes upon p38a inhibition (Figure 27C). 
Next, we looked at the colony formation capacity of cells and found that 
treatment with chloramphenicol decreased the colony area and the 
combined treatment with p38α inhibitors slightly potentiated this effect.  
 
In order to disrupt mitochondrial translation, we targeted one of the genes 
that in our CRISPR screen analysis was preferentially depleted in the p38a 
KO cells. Based on the sgRNA enrichment scores of targets found in the 
mitochondrial translation related gene ontology groups (Figure 28A), we 
decided to focus on Mrpl28, which encodes the mitochondrial large 
ribosomal subunit protein L28. Targeting this gene is predicted to be 
detrimental to the viability of p38a KO cells while having no effect on the 
WT cells. We transduced BBL358-Cas9 cells with two independent sgRNAs 
targeting Mrpl28 (sg1-Mrpl28 and sg2-Mrpl28) and performed a colony 
formation assay. The results showed a deleterious effect of targeting Mrpl28 
in the WT cells, and we could observe a further decrease in colony formation 
ability when combining both Mrpl28 disruption with p38α inhibition or 
depletion (Figure 28B).  
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Figure 27. The inhibition of p38α in combination with chloramphenicol 
treatment decreases cell viability. (A) Representative dose-response curve of an 
MTT assay performed after 72 h of treatment with increasing doses of the 
mitochondrial translation inhibitor chloramphenicol in combination with the p38α 
inhibitors 2 μM PH-797804 (PH) and 200 nM LY2228820 (LY), or DMSO as control. 
Data represent mean of the viability normalised to DMSO non-treated (DMSO-NT) 
sample ± SD. (B) Bar plots show mean IC50 values normalised to DMSO from 4 
independent MTT experiments performed after 72h of treatment ± SD. Statistical 
significance was determined using one-way ANOVA Dunnett multiple comparison 
test. (C) Inhibiting both mitochondrial translation and p38α has no effect on cell death 
levels. Cells were plated and treated the following day with indicated doses of 
chloramphenicol in combination with 200 nM LY for 72 h, then collected and stained 
with DAPI. Plot shows mean percentage of DAPI+ dead cells in two technical 
replicates. (D) The combined treatment with chloramphenicol and p38α inhibitors has 
a small effect on colony formation potential. Cells were plated at low density and 
treated with the indicated concentrations of chloramphenicol together with the p38a 
inhibitors PH and LY, or with DMSO as control, and two weeks later were stained with 
crystal violet. Representative images are shown in the left and quantification of two 
independent experiments (right) shows the cell area percentage normalised to the 
DMSO-NT samples. Distinct shapes indicate technical replicates from the same 
experiment. 
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Overall it seems that impairing mitochondrial translation, either by chemical 
inhibition or genetic depletion of one of the mitochondrial ribosomal subunits, 
indeed sensitises the cells to p38a inhibition or depletion. However, 
disrupting this process also impairs the viability of the WT cells, contrary to 
the expected outcome based on the CRISPR screen analysis. 
 
 

 
 
 
 

Figure 28. Depleting Mrpl28 impairs cell viability. (A) Heatmap showing the 
enrichment of sgRNAs targeting genes that encode mitochondrial ribosomal subunits. 
Numbers in the heatmap show the log2FC of the indicated comparisons. The sgRNA 
legend states the number of sgRNAs (out of 4) with the same phenotype. (B) 
Targeting Mrpl28 impairs colony formation potential. BBL358-Cas9 cells were 
transduced with two independent sgRNAs targeting Mrpl28 (sg1-Mrpl28 and sg2-
Mrpl28) or the Rosa26 locus (Control) and selected 48 h with 3 µg/ml puromycin. After 
48 h, cells were treated with 4-hydroxytamoxifen, to induce p38a KO, or with 200 nM 
of the p38α inhibitor LY2228820 (LY), or with DMSO as control, and then were plated 
at low density and stained with crystal violet 7 days later. Representative images (left) 
and quantification of the indicated number of experiments for each of the sgRNAs 
(right) shown as percentage of control DMSO treated sample. Different shapes 
indicate biological replicates. 
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Role of other p38 MAPK pathway components 
 
The dependency of BBL358 cancer cells on the p38a pathway is not a 
universal phenomenon, as not every cancer cell line relies on p38a for 
survival. An interesting possibility is that this dependency on p38a could be 
driven by dysregulation of a particular branch of the p38 MAPK signalling. 
To further explore this, we looked at the CRISPR screen effect of depleting 
different MAP3Ks and MAP2Ks described previously as upstream activators 
of p38a, as well as other p38 MAPK family members (Figure 29). This 
analysis identified TAK1 (Map3k7) as a gene whose depletion should have a 
more deleterious effect in the p38a KO background. Interestingly, depleting 
MEKK3 (Map3k5) or MKK3 (Map2k3) is predicted to impair the viability of 
WT, but not p38a KO cells. In contrast to MKK3, targeting MKK6 (Map2k6) 
is expected to increase the proliferation of WT cells, suggesting a potential 
opposing role of these two kinases. When looking at different p38 family 
members, we were surprised to see enrichment of sgRNAs targeting p38d in 
the p38a KO cells. If true, this would suggest a role for p38d in mediating the 
deleterious effect of p38a depletion. Hence, we set out to test the effect of 
disrupting p38d or chemically inhibiting TAK1.  
 

Figure 29. Representation of different MAP3K, MAP2K and MAPK family 
members in the CRISPR screen analysis. Heatmaps showing the enrichment of 
sgRNAs targeting genes encoding MAP3Ks or MAP2Ks reported to function upstream 
of p38a and the four p38 MAPK family members detected in the CRISPR screen 
dataset. Numbers in the heatmap show the log2FC of the indicated comparisons and 
the sgRNA legend states the number of sgRNAs (out of 4) with the same phenotype. 
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Downregulation of p38d rescues the effect of p38a deletion 
To investigate the effect of depleting different p38 family members observed 
in the CRISPR screen analysis, we transduced cells with sgRNAs targeting 
the four p38 MAPKs. Targeting p38a decreased cell viability as expected. 
However, while guides targeting p38b and p38g had no effect on cell 
viability, depleting p38d increased the viability of p38a KO cells and 
rendered them less sensitive to treatment with the p38a inhibitor LY (Figure 
30).  

Figure 30. Effect of depleting different p38 family members in BBL358 cell 
viability. Representative images of colony formation assays (upper panel) performed 
with BBL358-Cas9 cells transduced with sgRNAs targeting p38a (sg1-Mapk14), p38b 
(sg1-Mapk11), p38g (sg1-Mapk12), p38d (sg1-Mapk13) or the Rosa26 locus 
(sgRosa26) as control. Cells were infected, selected for 48 h with 3 μg/ml puromycin, 
treated for 48 h with 4-hydroxytamoxifen, to induce p38a KO, or with 200 nM of the 
p38a inhibitor LY2228820 (LY), or with DMSO as control, and then were plated at low 
density and stained with crystal violet 7 days later. The lower panels show the 
quantification of the experiments performed. Plots indicate the cell area as percentage 
of the sgRosa26 DMSO treated sample. Independent experiments are denoted with 
different point shapes. Statistical significance was determined for samples with at 
least two biological replicates using multiple t-tests followed by Benjamini-Hochberg 
p-value adjustment. 
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Western blot analysis of cells transduced with sg1-Mapk13 indeed showed 
decreased total protein levels of p38d (Figure 31A).  

Figure 31. Loss of p38d increases the viability of p38a KO cells. (A) Western blot 
analysis of cells transduced with sgRNAs targeting Mapk13 (sg1-Mapk13) or the 
Rosa26 locus (sgRosa26) as control. After selection for 48 h with 3 µg/ml puromycin, 
cells were treated for 48 h with 100 nM 4-hydroxytamoxifen (4-OHT) to induce p38a 
KO or left untreated as WT. (B) The viability of cells transduced with sg1-Mapk13 or 
sgRosa26 was measured by RealTime-Glo (RTG) assay. Cells were transduced and 
treated as in (A), and replated in media supplemented with the RTG reagents. Cell 
metabolic activity was followed by daily measurement of luminescence levels. Plots 
show the luminescence levels relative to the signal detected after 24 h. Lines connect 
means of two technical replicates. (C) Representative images (left) and quantification 
(right) of the time-lapse imaging of sg1-Mapk13-GFP cells (green) mixed 1:1 with 
sgRosa26-mCherry cells (red). Cells were transduced with the indicated sgRNAs, 
selected for 48 h with puromycin and then treated for 48 h with 4-OHT (p38α KO) or 
left untreated (WT), then both p38a KO and WT cells with Mapk13 targeting and 
control sgRNAs were mixed 1:1, plated and 24 h later were imaged every 12 h over 
72 h. The number of nuclei in each channel was quantified for each time point and 
normalised to the cell count detected at the first imaging time point (T0). Lines and 
larger symbols indicate mean values of two technical replicates (small symbols). 
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In addition to the colony formation assay, the viability of p38a KO cells 
transduced with sg1-Mapk13 was increased in comparison to the p38a KO 
alone (Figure 31B). As an orthogonal approach, we imaged the mixed 
population of control-mCherry and sg1-Mapk13 GFP expressing cells that 
are either WT or p38a KO over 72 h. Again we observed that the p38a and 
p38d double KO cells were dividing at a similar rate to the WT cells while 
the p38a KO cell proliferation was impaired (Figure 31C). 
 
As the above experiments were performed with a single sgRNA for each 
target, we repeated the colony formation assays using two additional p38d 
targeting sgRNAs in order to exclude off-target effects. These assays 
showed that p38a KO cells transduced with two different Mapk13-targeting 
sgRNAs had increased viability (Figure 32A). Western blot analysis 
confirmed that both sgRNAs downregulated the p38d protein levels (Figure 
32B). 
 

Figure 32. The effect of p38d depletion in p38a KO cells is recapitulated with 
two additional sgRNAs. (A) BBL358-Cas9 cells were transduced with two 
independent sgRNAs targeting p38d (sg2-Mapk13 and sg3-Mapk13) or the Rosa26 
locus (sgRosa26) as control. Cells were infected, selected for 48 h with 3 µg/ml 
puromycin, and then treated for 48 h with 100 nM 4-hydroxytamoxifen (4-OHT), to 
induce p38a KO. Both WT and p38a KO cells were plated at low density and 7 days 
later were stained with crystal violet. Representative images (left) and quantification 
(right) showing the mean cell area normalised to control WT sample. Points indicate 
biological replicates. Statistical significance was determined with two-way ANOVA 
Tukey's multiple comparisons test. (B) Targeting p38d with sg2-Mapk13 and sg3-
Mapk13 downregulates total p38δ protein levels. Western blot analysis using the 
indicated antibodies in cells transduced as in (A). 
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Interestingly, the analysis of mRNA levels upon p38a downregulation 
showed a modest but consistent increase in the Mapk13 mRNA encoding 
p38d. We also observed increased levels of the MKK6 (Map2k6) mRNA as 
expected, but no changes were detected in the case of p38g (Mapk12) and 
MKK3 (Map2k3) (Figure 33). 
 

 
Although the enrichment of p38d (Mapk13) in the CRISPR screen analysis 
was modest compared to the values of some other enriched candidates, 
experimental validation demonstrated the increased viability of p38a KO 
cells upon p38d depletion, strongly suggesting the interplay between these 
two p38 MAPKs in our cancer cell model. 
 
 
 
 
 
 
 
 
 

Figure 33. Increased p38d mRNA levels upon p38a downregulation. The mRNA 
levels were measured by qRT-PCR in BBL358 cells treated for 48 h with 100 nM 4-
hydroxytamoxifen (to induce p38a KO), and the p38a inhibitors 2 μM PH-797804 (PH) 
or 200 nM LY2228820 (LY), or left untreated as control (WT). Gapdh and Hprt were 
used as endogenous controls. Bar plots show mRNA levels of the indicated targets 
normalised to the WT samples ± SD. Dots indicate biological replicates. Statistical 
significance was determined using one-way ANOVA and Dunnett’s multiple 
comparisons test. 
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Inhibiting p38a potentiates the effect of a TAK1 inhibitor 
Downregulation of the upstream p38a activator TAK1 (Map3k7) was 
predicted to have a deleterious effect in the p38a KO sample, we therefore 
used the TAK1 inhibitor 5Z-7-oxozeaenol to test this (Ninomiya-Tsuji et al., 
2003). MTT assays revealed decreased cell viability upon combination of 
TAK1 and p38a inhibition. Indeed, we observed a consistent decrease in the 
IC50 when cells were treated with 5Z-7-oxozeaenol together with a p38a 
inhibitor (Figure 34A,B). To test if this was due to decreased cell survival, we 
measured cell death levels after 72 h of treatment, and observed neither an 
effect of the TAK1 inhibitor on the cell death levels, nor a change upon 
combination with p38a inhibitors (Figure 34C). Overall, these preliminary 
data indicates that TAK1 inhibition sensitizes cells to the loss of p38a. 
 
 

Figure 34. TAK1 inhibition sensitizes cells to p38a inhibition. (A) Combined 
inhibition of p38a and TAK1 decreases BBL358 cancer cell viability. Representative 
dose-response curve of an MTT assay performed after 72 h of treatment with 
increasing doses of the TAK1 inhibitor 5z-7-oxozeanol in combination with the p38a 
inhibitors 2 µM PH-797804 (PH) and 200 nM LY2228820 (LY), or with DMSO as 
control. Data represent means ± SD of the measured viability normalised to DMSO 
non-treated (DMSO-NT) sample. (B) The p38a inhibition decreases 5z-7-oxozeanol 
IC50 values. Barplots show mean IC50 values normalised to DMSO ± SD from 4 
independent MTT experiments performed after 72 h of treatment. Statistical 
significance was determined using one-way ANOVA Dunnett multiple comparison 
test. (C) Inhibiting both p38a and TAK1 has no effect on cell death levels. Cells were 
plated and treated the following day with the indicated doses of 5z-7-oxozeaenol in 
combination with 2 µM PH or 200 nM LY for 72 h, then collected and stained with 
DAPI. Plot shows mean percentage of DAPI+ dead cells in the two technical replicates 
of the indicated samples. 
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Investigating hits predicted to synergize with 
the p38a KO 
 
The effect that we have observed with both Zcchc14 as well as p38d 
depletion was robust, as depleting either of them was able to rescue the 
decreased viability of the p38a KO cells, going in line with the CRISPR screen 
analysis. However, even though the effect of mTOR, mitochondrial 
translation or TAK1 inhibition on the p38a KO cells does corroborate the 
observations derived from the CRISPR screen, we also consistently observed 
an unexpected effect on the growth of the WT cells. Our analysis aimed to 
select targets whose downregulation had a deleterious effect exclusively in 
the p38a KO cells, and this was not confirmed by the results obtained so far. 
 

Targeting the top 10 depleted hits  
To further explore how reliable was the identification of hits whose sgRNAs 
were depleted in the p38a KO cells according to our screen, we decided to 
analyse the effect of targeting the top 10 underrepresented hits (Figure 
35A). Preliminary experiments were performed by imaging cells transduced 
with targeting sgRNAs expressing GFP and control cells transduced with the 
sgRosa26-mCherry construct. The cells were transduced, selected and 
treated with 4-OHT to induce p38a depletion or left untreated as WT. Cells 
were then mixed 1:1 and tracked by time-lapse imaging. The cell number 
measured at the end of the experiment relative to the first imaging point 
indicated that some of the sgRNAs tested seem to impair the viability of WT 
cells (sgLmx1a, sgAfm, sgHc, sgIgf2bp2, sgCuedc2), and although we could 
observe reduced growth of the p38a KO cells transduced with sgLmx1a, 
sgAfm and sgCcnb2, the effect was not very consistent with the results 
obtained in the CRISPR screen analysis (Figure 35B). 
 
Albeit a bit preliminary, the lack of a clear effect together with the results 
observed with previous underrepresented targets that were tested, made us 
question the reliability of the analysis of targets depleted specifically in the 
p38a KO cells.  
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Substantial enrichment of sgRNAs targeting Trp53 
In order to understand the discrepancy between the CRISPR screen analysis 
and the experimental results obtained, we decided to go back to the data and 
look at the raw values. We first looked at the raw sgRNA counts for control 
non-targeting sgRNAs in our library, which are expected to have no effect on 
the viability of the cells and should be evenly distributed relative to the total 

Figure 35. Targeting the top 10 depleted hits does not show a clear phenotype. 
(A) Heatmap showing top 10 targets with sgRNAs depleted (blue) in p38a KO 
compared to the WT cells. Targets were sorted based on the KO vs WT log2FC values 
and the top 10 depleted targets were plotted. Numbers in the heatmap represent the 
log2FC of the target comparing WT to Day 0 (WT/Day 0), p38a KO to Day 0 (p38a 
KO/Day0) or p38a KO to WT samples. The sgRNA legend indicates the number of 
sgRNAs (out of 4) with the same phenotype. (B) Targeting the top 10 depleted hits 
shows variable effect. Quantification of the time-lapse imaging of BBL358-Cas9 cells 
transduced with the indicated sgRNAs cloned in the GFP expressing vector mixed 1:1 
with the sgRosa26-mCherry expressing cells. Cells were transduced with targeting or 
control sgRNAs, selected for 48 h with puromycin and treated for 48 h with 4-
hydroxitamoxifen (p38a KO) or left untreated (WT), then both p38a KO and WT cells 
with targeting or control sgRNAs were mixed 1:1, plated and 24 h later were imaged 
every 12 h for 72 h. Plot shows the cell numbers relative to the first imaging time point 
(T0). Points represent counts from individual wells, and the shape indicates distinct 
sgRNAs targeting the same gene. Statistical significance was determined with 
multiple t-test followed by Benjamini-Hochberg p-value adjustment. 
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number of reads obtained. Comparison of log2 raw counts (with pseudo count 
1 used to avoid computing log2 value of zero) showed a substantial decrease 
of control sgRNA counts in the p38a KO cells compared both to the Day 0 
and to WT cells (Figure 36A). A possible source of this would be a decreased 
number of total reads obtained in the p38a KO sample, however this was 
not the case as the total number and percentage of mapped reads obtained 
were similar across all three samples (see Figure 17A), hence we excluded 
this as a possible cause.  
 
To investigate this further, we plotted the distribution of targeting sgRNA 
raw counts, categorising the targets as essential (detrimental to the viability 
of most cancer cells when depleted) or non-essential, based on the mouse 
homologues of the pan-cancer list of essential genes (Dempster et al., 2021). 
This analysis showed that, while in all of the samples the counts for sgRNAs 
targeting essential genes were lower as expected, distribution of the counts 
of non-essential genes was greatly skewed towards the lower end in the 
p38a KO sample, similar to the control sgRNA distribution that we observed 
previously (Figure 36B). The overall lower representation of both control and 
non-essential gene targeting sgRNAs could be a consequence of the 
increased enrichment of a particular subset of reads. Indeed, we found an 
enrichment of the sgRNAs targeting Trp53 (all four sgRNAs present in the 
library) and Cdkn2a (2 out of 4 sgRNAs) in both WT and p38a KO samples. 
Strikingly, 30% of the total WT counts and over 50% of the p38a KO counts 
belonged to these 6 sgRNAs (Figure 36C). 
 
Trp53 is a known tumour suppressor gene whose loss of function increases 
the proliferation of certain cancer cell lines, so it was not surprising to see 
that sgRNAs targeting Trp53 were enriched. However, the fact that over half 
of the reads in the p38a KO cells belong to these sgRNAs complicates the 
interpretation of the underrepresented sgRNAs. As Trp53 KO cells were 
likely proliferating faster than the rest of the cells in the p38a KO pool, it is 
possible that over the two weeks of passaging the sample was biased, as we 
kept enriching for the sgRNAs targeting these genes while losing other less 
fit cells, which proliferate slower than the Trp53 KO cells, without being 
necessarily detrimental to the viability of p38a KO cells. The observed 
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decrease in the counts of non-targeting sgRNAs goes in line with this idea 
as these guides should have a neutral effect on cell proliferation, yet their 
levels are decreased in the p38a KO sample (shown in Figure 36A). 

 

Analysis of samples at earlier time point avoids the p53 bias 
Throughout the CRISPR screen we collected additional samples at different 
time points, and hypothesised that analysing the samples collected at Day 7 
might mitigate the massive enrichment of Trp53 and Cdkn2a targeting 
sgRNAs observed at Day 14, and perhaps allow us to identify hits specifically 
depleted in p38a KO cells with a higher confidence.  
 
We extracted the DNA from WT and p38a KO cells collected at Day 7 and 
then sequenced the PCR amplified sgRNAs. For technical reasons, the 
machine used for sequencing the initial samples was not available, hence we 
included the same Day 0 library that was previously sequenced with the Day 
14 samples, in order to account for any technical differences. We mapped 
the reads obtained with the MAGeCK algorithm  (Li et al., 2014; Wang et al., 
2019), reanalysing the previously obtained Day 14 reads in parallel to be 
able to directly compare them.  
 

Figure 36. sgRNAs targeting Trp53 and Cdkn2a are overrepresented in the 
samples of Day 14. (A) Decreased levels of non-targeting control sgRNAs detected 
in the p38a KO sample. Plot shows distribution of log2 transformed raw counts of 
control sgRNAs with pseudo count 1 detected in each sample. (B) Skewed distribution 
of targeting sgRNAs in the p38a KO sample. Density plots show the distribution of 
sgRNAs targeting essential genes (blue) based on mouse orthologs of genes defined 
as essential in Dempster et al., 2021. (C) The sgRNAs targeting Trp53 represent half 
of the detected reads in the p38a KO sample. The plot shows the percentage of total 
reads belonging to sgRNAs indicated in the plot legend.
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In Day 7 analysis, we obtained a much higher number of total reads and over 
80% of the reads were successfully mapped to an sgRNA, compared to 
around 60% of mapped reads in the Day 14 samples (Figure 37A). Moreover, 
the Gini index as well as the percentage of non-detected sgRNAs was 
substantially lower in the Day 7 samples, while the replicate of the Day 0 
sample looked consistent with the previous sequencing batch (Figure 
37B,C).   
 

 
We first looked again at the distribution of raw counts of non-targeting 
sgRNAs. This time we could see that the control sgRNA counts were 
relatively uniform across Day 0 and Day 7 WT and p38α KO samples, with a 
slight drop of the counts in the WT sample which corresponds to a lower 
number of total reads obtained (Figure 38A). The distribution of targeting 
sgRNAs showed a clear peak for counts of sgRNAs targeting non-essential 
genes, and a higher median read count (Figure 38B). In the same line, the 
percentage of total reads corresponding to Trp53 or Cdkn2a targeting 

Figure 37. Quality control of Day 7 sample sequencing. (A) Higher percentage of 
reads and mapped sequences detected in Day 7 samples. Bar plots show the total 
number of reads (grey) and the percentage of mapped reads (blue) obtained for the 
indicated samples. Day 0-2 sample is a technical replicate of Day 0-1 previously 
sequenced together with the Day 14 samples. (B) Day 7 samples show lower sgRNA 
distribution unevenness. Bar plot shows the Gini index for the indicated samples. (C) 
Decreased number of sgRNAs with zero reads detected in the Day 7 samples. Bar 
plot shows the percentage of all the sgRNAs present in the library not detected (zero 
counts) for the indicated samples. 
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sgRNAs was much lower compared to the Day 14 samples, although they 
were still the most enriched sgRNAs (Figure 38C). 

To compare the distribution of the reads across all the samples, we obtained 
normalised counts using MAGeCK algorithm specifying control non-
targeting sgRNAs as normalisation method. This approach resulted in 
relatively even distribution of the control sgRNAs across samples (Figure 
39A). Principal component analysis (PCA) of the normalised counts showed 
high proximity of the two Day 0 samples, indicating low technical variability 
between the two sequencing batches. A separation between WT and p38a 
KO samples was observed at both time points. Of note, the majority of the 
variation stems from the Day 14 p38a KO sample (Figure 39B).  

Figure 38. The sgRNA count distribution in Day 7 samples. (A) Day 7 samples 
show more uniform control sgRNA count distribution. Plot shows the log2 transformed 
raw counts of non-targeting sgRNAs with pseudo count 1. (B) More regular distribution 
of sgRNAs targeting non-essential genes in day 7 samples in comparison to the Day 
14 samples. Density of log2 transformed raw counts of sgRNAs targeting essential 
(blue), mouse orthologs of genes defined in Dempster et al., 2021, or non-essential 
(grey) shows clear peaks in the Day 7 samples for the non-essential targets. Boxplots 
show the counts of all targeting sgRNAs for the indicated samples. (C) The 
percentage of total reads belonging to Trp53 and Cdkn2a sgRNAs is decreased in the 
Day 7 samples. Plot shows Trp53 and Cdkn2a targeting sgRNAs enriched in all of the 
indicated samples as a percentage of the total reads. 
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Next, we calculated log2FC comparing WT to Day 0, p38a KO to Day 0 and 
p38a KO to WT samples and applied custom group categorisation based on 
the target phenotype. We first filtered out the sgRNAs with raw count lower 
than 50 in either of the Day 0 samples, and considered only targets with all 
4 sgRNAs detected for further analysis. Next, we calculated average log2FC 
across the 4 sgRNAs comparing WT to Day 0, KO to Day 0 and KO to WT 
samples and applied custom group categorisation based on the target 
phenotype. For assessing the number of sgRNAs that follow the same trend 
as the gene level analysis, we defined every individual sgRNA with log2FC 
higher than 1 or lower than -1 as enriched or depleted respectively. Every 
target with 2 or more sgRNAs out of four with the same trend as the gene 
level analysis and log2FC lower than -1.5 or higher than 1.5 was considered 
as depleted or enriched, respectively.  
 
This analysis showed a much lower number of targets enriched or depleted 
in the p38a KO cells at Day 7, compared to the Day 14 samples (Figure 
40A,B). Interestingly, the only target enriched that met the thresholds we 
have established in the Day 7 p38a KO sample was Zcchc14. Gene set 
enrichment analysis of all targets enriched or depleted in the p38a KO 
sample showed processes related to RNA polymerase II, mRNA splicing and 
DNA replication as significantly enriched terms in targets whose loss is 

Figure 39. High variability between WT and p38a KO samples. (A) MAGeCK 
normalisation to control sgRNAs. Plot shows distribution of control non-targeting 
sgRNAs after performing raw counts normalisation to control sgRNAs. (B) Principal 
component analysis shows low variability between Day 0 samples. PC plots of log 2 
counts of the indicated samples normalised to control sgRNAs. 
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expected to impair the viability of p38a KO cells in both Day 7 and Day 14 
samples (Figure 40C,D). 

 

Figure 40. Analysis Day 7 samples and comparison with Day 14 samples. (A, B) 
Scatter plot of Day 7 (A) and Day 14 (B) analysis of sgRNAs detected as enriched 
(groups A and C) or depleted (groups B and F) in the p38a KO cells compared to the 
WT cells. Threshold of absolute log2FC higher than 1.5 was used to define target as 
enriched or depleted. Only targets with 2 or more sgRNAs with the same trend were 
taken into account. (C, D) GSEA analysis of differentially enriched targets in the 
samples of Day 7 (C) and Day 14 (D). Plots show the top 10 terms enriched in 
overrepresented targets (shown in red) or in depleted targets (shown in blue). The x 
axis indicates the normalised enrichment score (NES). Analysis was done with all 
genes ranked based on p38a KO/WT log2FC. Only terms with p-value < 0.05 were 
taken into account. 
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To define a list of targets most likely to be essential only in the p38a KO 
cells, we compared the hits categorized as group B (genes whose depletion 
is detrimental in the p38a KO cells but not in WT cells) in either Day 7 or 
Day 14 samples to select targets that were consistently depleted at both 
time points (Figure 41A). This analysis retrieved 72 genes that were 
categorised as Group B in both Day 7 and Day 14 samples (Appendix Table 
2), and the GSEA of these genes identified DNA repair, Cell cycle and rRNA 
modifications in the nucleus as processes whose impairment is expected to 
synergise with the loss of p38a (Figure 41B). On the other hand, we also 
identified 47 genes that were categorised as group B in the Day 7 sample 
and group F in the Day 14 sample. These genes were related mainly to 
protein translation processes, suggesting that loss of p38a accelerates the 
deleterious effect of impairing protein translation (Figure 41C). In summary, 
this analysis provides a new list of putative targets whose downregulation 
should synergise with loss of p38a in an acute manner. Further experiments 
will be performed to confirm these observations. 
 

Figure 41. Comparison of the hits depleted in Day 7 and Day 14 samples. (A) 
Overlap between targets detected as depleted in Day 7 (left) and Day 14 (right) 
samples. Around 50% of the genes categorised as group B at Day 7 are also depleted 
in the Day 14 sample, either in the group B (72 genes) or in the group F (47 genes). 
The majority of the Day 14 genes categorised as group B are not depleted in the Day 
7 samples based on this analysis. (B) Gene set enrichment analysis of 72 genes 
detected as group B in both Day 7 and Day 14 samples. List of genes was queried 
using Enrichr platform (Xie et al., 2021) and the Reactome database. (C) Gene set 
enrichment analysis of 42 genes detected as group B in Day 7 and group F in the Day 
14 samples. List of genes was queried using Enrichr platform and the Reactome 
database.   
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Exploring p38a dependency by mining the 
public datasets 
 
Our analysis of the CRISPR screen resulted in several interesting 
observations, but it remains unclear whether they can be extrapolated to 
other systems. In an effort to establish additional models of cancer cell 
dependency on p38a, we took advantage of the publicly available datasets 
describing diverse molecular characteristics of cancer cells.  
 

Identifying cancer cell lines dependent on p38a 
The recent rise of publicly available data aiming to establish cancer cell 
dependency maps, such as Project score (Sanger) and DepMap (Broad) 
represents an abundant source of information that could be beneficial for 
exploring the differences of a wide range of cancer cell line models. We 
decided to focus on datasets available in the DepMap database. 
 
First, we wanted to identify additional cancer cell lines dependent on p38a. 
To this end, we used the Chronos Gene effect and Chronos Dependency 
Probability datasets, which provide a comprehensive analysis of the effect of 
targeting individual genes across 1086 different cancer cell lines based on 
genome-wide CRISPR/Cas9 screens. To find potential p38a dependent 
cancer cells, we selected all the cell lines that had a MAPK14 Dependency 
probability (probability that a gene of interest is essential in a given cancer 
cell line) higher than 0.5, a threshold suggested by the DepMap consortium 
(Dempster et al., 2021). This approach identified 75 cancer cell lines, in which 
loss of p38a should impair viability (Mapk14 Dep) (Figure 42A, Appendix 
Table 3). Examining the primary disease origin of these cell lines suggests 
that no particular cancer type is abundant in MAPK14 Dep cell lines (Figure 
42B). The same was observed when looking at the primary or metastatic 
origin of the analysed cell lines (Figure 42C). 
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Before proceeding with further analysis of the datasets available, we decided 
to test if the proliferation of cell lines predicted to be dependent on p38a 
was affected upon p38a inhibition. From the list of 75 MAPK14 Dep cell lines 
(Figure 43A), we selected two cell lines that were available in the lab, the 
pancreatic cancer cell line MIA PaCa-2 and the T cell lymphoblastic 
lymphoma cell line SUP-T1. Cell viability measured with an MTT assay 
showed decreased viability of both tested cell lines after 72 h of p38a 
inhibition (Figure 43B,C).  

Figure 42. Identification of human cancer cell lines that are dependent on p38a. 
(A) Mining the DepMap dataset identifies 75 cancer cell lines predicted to be 
dependent on p38a. Plot shows the effect of p38a (MAPK14) depletion based on the 
CRISPR screens performed in 1086 different established cancer cell lines, with 
negative values indicating negative effect on cell viability (x axis, Chronos Gene 
Effect) and y axis indicating dependency probability (Dempster et al., 2021). All cell 
lines with dependency probability higher than 0.5 were selected as dependent. (B) No 
particular cancer type is enriched in p38a dependent cancer cell lines. The bar plot 
show the percentage (x axis) of p38a dependent cell lines for each of the indicated 
primary diseases (y axis). Absolute number of cell lines in each category is indicated 
in the bars. (C) No difference in p38a dependent cell lines based on the metastatic or 
primary tumour origin of the cancer cell lines. The bar plots show the percentage (x 
axis) of p38a dependent cell lines among models originating from primary, metastatic 
or unknown sites (y axis). The absolute number of cell lines in each category is 
indicated in the bars. 
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Figure 43. Predicted cancer cell lines that are 
dependent on p38a. (A) The plot shows the 
effect of depleting p38a (x axis) across 75 cell 
lines identified as p38a dependent (y axis). 
Inhibition p38a decreases the viability of the cell 
lines MIA PaCa-2 (B) and SUP-T1 (C) measured 
by MTT assay after 72 h of treatment with 2 µM 
PH-797804 (PH), 200 nM LY2228820 (LY) or 
DMSO as control. Points indicate biological 
replicates. Statistical significance was 
determined with ordinary one way ANOVA 
Dunnett’s multiple comparison test. (D) Inhibiting 
p38a halts the proliferation of SUP-T1 cells. the 
plot shows viability of SUP-T1 cells treated with 
PH, LY or DMSO as control, measured with 
RealTime-Glo assay, and represented as 
luminescence levels relative to the signal 
detected after 24 h of proliferation (T0). Lines 
connect means of two biological replicates. 
Representative images of cells 120 h after 
seeding are shown in the right. The whole surface 
of a well in a 96 well plate was acquired by bright 
field imagining with 5x magnification.  
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As SUP-T1 was the top MAPK14 Dep cell line based on the analysis, we 
performed an additional experiment tracking the viability of the cells treated 
with p38a inhibitors over time using the RealTime-Glo assay. This approach 
showed an almost complete halt in the viability of p38a inhibited cells over 
5 days, which could also be observed by bright field microscopy (Figure 
43D). Motivated by the experimental validation of our in silico analysis, we 
decided to take a deeper look in the datasets available.  
 
 We first asked if the MAPK14 Dep cell lines have common CRISPR 
dependencies, as perhaps there is a specific set of genes whose loss is more 
deleterious in p38a dependent cells. To achieve this, we looked at the 
correlation between Chronos Gene effect scores of MAPK14 and Chronos 
Gene Effect scores of all the other genes in the dataset across the 1086 
cancer cell lines (Appendix Table 4). Interestingly, this analysis retrieved 
MEKK4 (MAP3K4) and MKK3 (MAP2K3) as two targets whose dependency 
had the highest correlation with p38a dependency (Figure 44A). To 
understand if the same cell lines are dependent on both proteins, we plotted 
the correlation of MEKK4 and MKK3 effects and observed a positive 

Figure 44. MAP3K4 and MAP2K3 are common co-dependencies of the p38a 
dependent cancer cell lines. (A) Plot showing correlation analysis of p38a 
(MAPK14) Chronos Gene effect and all other genes with available data in Chronos 
gene effect dataset. Pearson correlation was computed across all gene pairs and p 
values adjusted with Benjamini & Hohcberg. Y axis shows -log10FDR. Genes selected 
as significantly correlated had p-adjusted value lower than 0.05 and correlation 
coefficient higher than 0.1 (green dots, positive correlation) or lower than -0.1 (orange 
dots). The two top correlated targets (MAP3K4 and MAP2K3) are indicated in the plot. 
(B) Correlation between MAP2K3 gene effect (x axis) and MAP3K4 gene effect (y 
axis). Blue dots indicate p38a Dep cells. (C) Overlap between MEKK4 (MAP3K4), 
MKK3 (MAP2K3) and p38a (MAPK14) dependent cell lines. Cell lines were 
categorised as dependent based on the Chronos probability higher than 0.5 for the 
indicated genes. 
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correlation, although their effect was more modest compared to the loss of 
p38a (Figure 44B).  
 
Overlapping cell lines predicted to be dependent on each of these kinases 
based on the Chronos dependency probability (threshold 0.5) showed that 
the majority of MEKK4 and MKK3 dependent cell lines were also dependent 
on p38a, while only one cell line was dependent on all three kinases (Figure 
44C). This suggests that the context of cancer cell dependency on p38a 
differs between cell lines also dependent on MEKK4 or MKK3. Furthermore, 
the predicted deleterious effect of targeting MKK3, but not MEKK4, in our 
BBL358 CRISPR/Cas9 screen (Figure 29) would support this. 
 
As p38a is the most ubiquitously expressed p38 MAPK family member, we 
next looked at the mRNA levels of the four p38 MAPKs across all the cancer 
cell lines with available expression data. As expected, p38a (MAPK14) was 
expressed robustly across all the queried cell lines. Interestingly, we could 
observe a bimodal distribution of p38d (MAPK13), with a clear distinction of 
cell lines expressing low or high levels of this family member (Figure 45A). 
We next classified the cell lines into MAPK14 Dep and NonDep (non-
dependent) groups and looked for differences in the p38 MAPK expression 
across these groups. To our surprise, we could observe that the majority of 
the MAPK14 Dep cells expressed lower levels of p38d (MAPK13), and a 
similar trend was observed for p38b (MAPK11) (Figure 45B). 
 
The observed negative effect of the p38a inhibitors on the proliferation of 
the cell lines predicted to be dependent on this kinase looks promising. 
Furthermore, the CRISPR screen that we have performed in the isogenic WT 
and p38a KO cells provides us with a unique set of targets that might 
functionally interplay with p38a activity. However, it seems that 
understanding what drives p38a dependency is not straightforward. It is 
possible that a number of distinct mechanisms render cancer cell sensitive to 
the downregulation of this kinase. Altogether, this analysis provides us with 
a new approach to further investigate the contexts of cancer cell dependency 
on p38a MAPK.  
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Figure 45. Landscape of mRNA expression patterns of the different p38 MAPK 
family members across cancer cell lines. (A) The plot shows the distribution of 
mRNA levels for p38a (MAPK14), p38b (MAPK11), p38g (MAPK12), and p38d 
(MAPK13) across 1406 cancer cell lines with available data in the CCLE expression 
dataset. (B) Comparison of the expression levels of different p38 MAPK family 
members in p38a dependent (Dep) and non-dependent (NonDep) cancer cell lines. 
The mRNA levels are shown as log2 transformed transcript per million (TPM) counts 
with pseudocount 1.  
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In an effort to better understand the context of cancer cell dependency on 
p38a MAPK and to identify potential synergisms between this pathway and 
others, we have taken advantage of the genome-wide CRISPR/Cas9 
screening technology. This allowed us to investigate the role of p38a in 
cancer cells in an unbiased manner. As the model, we selected a breast 
cancer cell line that is known to show reduced viability upon p38a 
downregulation. This approach allowed us to identify potential mediators of 
the p38a depletion effects in our model, and we found that targeting the 
RNA binding protein Zcchc14 or p38d rescues the viability of p38a KO cells, 
making them interesting targets for follow-up studies. We have also 
identified targets that further sensitize the cancer cells to loss of p38a, and 
showed that interfering with mTOR signalling or mitochondrial translation 
enhances the deleterious effect of p38a downregulation. Finally, we have 
leveraged the use of publicly available datasets for the identification of 
additional cancer cell lines that are dependent on p38a signalling, as well as 
further exploring their molecular characteristics. 
 
We have identified Zcchc14 as the top target for sgRNAs that are enriched 
in the p38a KO cells. We confirmed that downregulating Zcchc14 rescues 
the decreased p38a KO cell viability to the levels close to the control WT 
cells. The human homologue of Zcchc14 has been identified in two recent 
genome-wide CRISPR screens as an important host factor during viral 
infection (Hyrina et al., 2019; Kulsuptrakul et al., 2021). ZCCHC14 can bind 
to the stem loop of the viral RNA and recruits noncanonical poly(A) 
polymerases Papd7 and Papd5 (TENT4A and TENT4B), which are capable 
of incorporating non-Adenine residues, mainly Guanosine, in a process called 
mixed tailing. For instance, it has been reported that the addition of G to the 
poly(A) tail leads to increased mRNA stability as it prevents deadenylation 
by the CCR4-NOT complex (Lim et al., 2018). This is especially interesting in 
the case of hepatitis B virus and human cytomegalovirus, where the 
ZCCHC14-TENT4A/B complex is responsible for stabilising viral mRNA 
precisely through mixed tailing (Kim et al., 2020). However, in the case of 
hepatitis A, it seems that this complex has a polyadenylation independent 
role, and can instead modulate directly the translation of viral mRNAs 
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(Kulsuptrakul et al., 2021), which goes in line with a study in Caenorhabditis 
elegans where loss of gls-1, a ZCCHC14 homologue, leads to decreased 
polysome formation without impacting poly(A) tail length (Nousch et al., 
2014). As very little is known overall on the interactome of Zcchc14, it will 
be interesting to discern whether its downregulating in our system impacts 
protein translation or perhaps modulates the poly(A) tail length and 
composition. It is worth mentioning that a recent study reports that 
CRISPR/Cas9 downregulation of ZCCHC14 boosts the proliferation of the 
human non-small cell lung cancer cell lines A549 and H1299, and that this 
increased proliferation is prevented by treating the cells with the general p38 
MAPK inhibitor BIRB769 (Shi et al., 2021). This study suggests that in the 
absence of ZCCHC14, p38 MAPK signalling might enhance the proliferation 
of the cancer cells, which is not consistent with the phenotype that we have 
observed in our model using CRISPR/Cas9 mediated Zcchc14 depletion. One 
possibility could be that the cell lines used in that study have a completely 
different molecular milieu compared to our cell line. However, the link to the 
p38 MAPK pathway was explored using only the BIRB769 inhibitor, 
suggesting the possibility that what drives the increased proliferation in 
A549 and H1299 cells is not p38a, but a different p38 family member. 
Overall, there seems to be an unexpected functional link between p38a and 
the understudied RNA binding protein Zcchc14, making it an interesting 
candidate to explore further.  
 
Surprisingly, we have also identified p38d as a potential mediator of the 
reduced viability induced upon p38a depletion, as loss of p38d rendered the 
cancer cells less sensitive to p38a downregulation. It is tempting to 
speculate that p38a negatively regulates p38d, and that the absence of p38a 
leads to p38d activation, which in turn mediates some of the detrimental 
effects of p38a loss. The increase of the p38d mRNA levels upon p38a 
downregulation would go in line with this idea, however we have not 
observed a clear difference in total p38d protein levels between the WT and 
p38a KO cells. Negative regulation of p38d by p38a has been previously 
reported in the adipose tissue (Matesanz et al., 2018), and it will be important 
to understand how this is occurring in breast cancer model. So far, we have 
not observed any effect of p38g	downregulation in the viability of p38a KO 
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cells,	 which is somewhat unexpected since p38g and p38d are often 
described to perform similar functions (Cuenda & Sanz-Ezquerro, 2017). As 
we have not confirmed that sgRNAs targeting p38g lead to a reduction of the 
p38g levels in the experiments performed, we cannot exclude the possibility 
that that the lack of phenotype is due to the inefficiency of the sgRNA used. 
Altogether, it will be interesting to explore if this interplay also occurs in 
other cancer models, perhaps being something common to the p38a 
dependent cancer cell lines, as well as to understand the extent to which 
p38d activity could be generally toxic for the cancer cells or if it depends on 
the absence of p38a.  
 
Regarding targets that sensitize the cancer cells to p38a downregulation, we 
have observed that mTOR inhibition potentiates the cytostatic effect of p38a 
inhibition. The results suggest that our breast cancer model is probably 
sensitive to both mTORC1 and mTORC2 disruption, and that targeting either 
of these two complexes increases the effect of p38a depletion or inhibition. 
This suggests that perhaps a specific branch downstream of mTOR 
signalling and not a particular complex interacts with p38a signalling. The 
interplay of the p38a and mTOR pathways is poorly understood. The mTOR 
pathway is an important regulator of metabolic processes that can also 
control cell growth, protein translation and autophagy among others (Liu & 
Sabatini, 2020). The first report of p38a mediated activation of mTOR was 
described in Drosophila Melanogaster, where p38 activating stresses led to 
mTORC1 activation (Cully et al., 2010). This study was followed by a similar 
observation in murine cardiomyocytes, MEFs and human cancer cell lines 
where p38a mediated mTOR activation in response to oxidative stress 
(Hernández et al., 2011). The MK2 protein kinase, a substrate of p38a, seems 
to be a potential convergence node of these two pathways, as it has been 
reported that mTOR regulates translation of the MK2 mRNA through 4EBP-
1 in fibroblasts undergoing oncogene-induced senescence (Herranz et al., 
2015). In this model, the inhibition of mTOR consistently decreased the MK2 
protein levels without affecting p38a. Taking this into account, it is tempting 
to speculate that mTOR inhibition shifts the output of p38a activation by 
limiting the availability of the MK2 protein, a target and interactor of p38a 
that is known to mediate many p38a functions such as inflammation, post-
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transcriptional regulation, or actin filament remodelling (Ronkina & Gaestel, 
2022).  
 
On the other side, there are several studies describing the interaction of the 
mTOR pathway with other p38 MAPK family members. In cardiomyocytes, 
hyperactivation of p38g and p38d leads to cardiac hypertrophy by targeting 
DEPTOR, a negative regulator of mTOR, for degradation, thus resulting in 
mTOR pathway activation (González-Terán et al., 2016). More recently, the 
loss of MKK6 has been shown to increase the activation of the MKK3-p38g/d 
axis resulting in increased mTOR activity and protein translation levels 
(Romero-Becerra et al., 2022). In response to amino acids, p38d can 
phosphorylate p62 through the binding of the MKK3 and p62 PB1 domains. 
This in turn facilitates the ubiquitination and activation of mTOR, leading to 
cell growth and proliferation (Linares et al., 2015). However, the implications 
of the crosstalk between these two major signalling pathways remain to be 
understood. Our results suggest that disruption of either mTORC1 or 
mTORC2 complexes is detrimental for the cancer cell viability. Hence, further 
experiments should focus on particular branches of the mTOR pathway to 
further dissect this interplay, for instance by targeting the mTORC2 
downstream kinase SGK1. 
 
We have also obtained promising preliminary data showing that 
mitochondrial translation inhibition potentiates the effect of p38α inhibition. 
Curiously, similar to p38a, the importance of mitochondrial translation for 
cancer cell survival seems to be context dependent (Hart et al., 2015). In the 
last years, it has become clear that some cancer cells increase the activity of 
the mitochondrial translation machinery in order to meet their energetic 
needs, making mitochondrial translation a promising target for cancer 
treatment (Criscuolo et al., 2021). While some reports indicate a potential 
role for p38a in mitochondrial biogenesis (Ning et al., 2019; Zhang et al., 
2017), to our knowledge there are no reports directly implicating p38a in the 
regulation of mitochondrial translation. It will be important to test if p38a 
downregulation affects this process. In addition, it will be interesting to 
assess the effect of combined p38a downregulation and treatment with 
compounds described to impair mitochondrial translation, such as tigecycline 
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or doxycycline. Nonetheless, even if p38a does not directly regulate this 
process, it seems to have an important role in supporting the cancer cell 
viability when mitochondrial translation is impaired  
 
The validation of sgRNAs exclusively downregulated in the p38a KO cells, 
and whose targets are expected to cooperate with p38a to maintain cancer 
cell viability was somewhat disappointing. Unexpectedly, downregulation of 
the targets analysed also had a substantial negative effect on the viability of 
WT cells. This could be due to the different timings of the validation 
experiments and the CRISPR screen. It is also possible that depleting these 
hits or impairing the corresponding processes is detrimental to WT cell 
viability, but for unforeseen reasons, such as the effect of the surrounding 
clones or the potential adaptation of the cells, we were not able to detect 
this effect in the Day 14 samples. An interesting possibility is that the WT 
cells are able to recover from the loss of these genes upon several additional 
passages, but this adaptation is prevented upon p38a downregulation. If this 
were the case, analysis of the Day 14 samples could be providing us with 
targets that when depleted require p38a to circumvent their loss of function.  
 
Of note, the Day 14 samples undergo 10 days of antibiotic selection and 2 
more weeks of passaging. At the time of setting up the experiment, most of 
the studies published applied longer antibiotic selection periods in order to 
wean out the sgRNAs that target essential genes. This is supported by a 
clear separation of distributions of sgRNAs targeting essential and non-
essential genes in our Day 0 sample. Many of the screens reported were also 
analysed after 2 weeks of passaging. Furthermore, the integrated analysis of 
several screens performed at the Broad and the Sanger institutes suggested 
that differences in the length of the CRISPR screen are not a major source of 
discrepancies for the data acquired (Dempster et al., 2019; Pacini et al., 
2021). Nevertheless, the particularly high proliferation rate of the cell line 
that we used could be a potential source of bias. The doubling time of our 
cell line is approximately 14 h, hence at Day 14 of the CRISPR screen, these 
cells have undergone around 40 cell doublings since the introduction of the 
CRISPR library. This could explain the massive enrichment of Trp53 and 
Cdkn2a targeting sgRNAs at Day 14 in both WT and p38a	KO samples. 
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Importantly, these sgRNAs were also the ones with the highest counts in the 
Day 0 sample, however they cumulatively represented less than 1% of the 
total reads, thus not affecting the overall sgRNA distribution of the whole 
library. At Day 14, over half of the reads in the p38a KO cells belong to these 
overrepresented sgRNAs. Having this in mind, it is likely that many of the 
sgRNAs that were depleted in the p38a KO cells might be lost due to the 
lower proliferative fitness compared to the p53 KO pool of cells, and not due 
to the potentiation of the p38a KO effect. The higher overrepresentation of 
the p53 targeting sgRNAs in the p38a KO cells would suggest that deleting 
p53 can partially overcome the effect of the p38a downregulation. However, 
another possibility is that the effect of p53 disruption is similar in both p38a 
KO and WT cells, but due to the lower overall proliferation upon p38a 
deletion, the relative increase in the proliferation of p53 KO cells is more 
pronounced. Testing the effect of p38a downregulation in WT and p53 KO 
cells should clarify this point. An unforeseen benefit of this massive 
overrepresentation of a few sgRNAs is that the analysis of the Day 14 
samples is very robust for detecting enriched targets, as these cells had to 
match the increased proliferation of p53 KO pools in order to persist within 
the whole population. On the other hand, the conditions should be optimised 
in order to identify with higher confidence targets that synergise with p38a 
downregulation. To circumvent this problem, we took advantage of the 
samples collected at an earlier time point, Day 7 of the screen.  
 
Surprisingly, the new round of sequencing retrieved a much higher number 
of mapped reads. The most intuitive reason would be differences in the 
processing of the samples as DNA extraction and sgRNA amplification were 
performed independently. However the analysis of the Day 0 sample library 
previously sequenced in the first run also retrieved a much higher percentage 
of mapped reads, suggesting that this is not the case. Another explanation 
could be the increased accuracy of the reads obtained due to the higher 
sequence diversity in the earlier time point samples. During standard Illumina 
sequencing, only the first four positions in the reads are used to distinguish 
different clusters on the flowcell (a channel for adsorbing mobile DNA 
fragments), which is a key step in the sequencing analysis. Therefore, low 
sequence diversity results in higher error rate of the read sequences obtained 
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(Mitra et al., 2015). As the majority of the reads in the Day 14 samples were 
coming from the Trp53 and Cdkn2a targeting sgRNAs, this could be the 
source of technical difficulties resulting in a large number of erroneously 
sequenced reads. Based on the analysis of the Day 7 samples, we have 
retrieved a list of common targets depleted at both time points, providing us 
with a more accurate list of genes that should have a deleterious effect in the 
p38a KO cells. 
 
One of the main technical pitfalls of our study is the lack of confirmation of 
the target downregulation at the protein level upon CRISPR/Cas9 mediated 
deletion. Moreover, we have avoided the use of single cell clones to generate 
the target KO cells. While single cell clones facilitate the detection of target 
downregulation, they come at a cost of subclonal heterogeneity that we 
wanted to steer clear of (Kuiken et al., 2022). 
 
Importantly, this entire study has been developed using as a model a cancer 
cell line strongly dependent on p38a activity, which is not a universal 
characteristic of cancer cells. Hence, we wanted to find novel models of 
cancer cell dependency on p38a that would allow us to extend our 
observations. To this end, we have taken advantage of the publicly available 
databases and identified a list of cancer cell lines that are predicted to be 
p38α dependent. We confirmed the detrimental effect of p38α inhibitors on 
the viability of two putative p38a dependent cancer cell lines, SUP-T1 and 
MIA PaCA-2, supporting the validity of the analysis performed. Moreover, 
the upstream activators of p38a MEKK4 (MAP3K4) and MKK3 (MAP2K3) 
were detected as common genetic dependencies in some of the p38a 
dependent cancer cell lines. Curiously, there is little overlap between 
MEKK4-p38a and MKK3-p38a co-dependent cell lines. The most intuitive 
possibility is that several mechanisms may render cancer cells dependent on 
p38a signalling, and the general analysis performed in this thesis is not 
sufficient to discriminate among them. In this line, the CRISPR screen 
analysis suggests that MKK3 downregulation has a negative effect on the 
viability of WT cells, which is rescued in the p38a KO cells, while loss of 
MEKK4 seems to boost their proliferation. It is interesting to speculate that 
there is a subset of cancer cell lines in which the MKK3-p38a axis is 
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somewhat deregulated. Another interesting observation is the lower 
expression of p38b and p38d mRNAs in the subset of cancer cell lines that 
depend on p38a, however at the moment this is a descriptive observation, 
which does not provide us with mechanistic insight. An additional 
consideration is that publicly available databases such as DepMap are not 
static, but continuously updated and revised. As an example, the latest 
release of DepMap at the time of writing this discussion is the 22Q4, in which 
80 out of 1078 cancer cell lines are identified as p38a dependent in 
comparison to the 75/1086 reported in this study. Hence, in the new data 
release, additional cell lines have been characterised as p38a dependent, 
and some of the cell lines removed completely from the dataset due to 
mischaracterisation. While this might seem a nuisance at first glance, 
because it requires repeating the analysis with every major data update, it is 
reassuring to know that this data is continuously updated ensuring its high 
quality and reliability. It will be important to explore all the information 
available in these databases in more detail, and directly compare it to the 
molecular characterisation of our p38a dependent BBL358 cancer cell line. 
Overall, the new models identified, as well as further querying of the 
available datasets, should help us to further disentangle the molecular cues 
that underlie the cancer cell line addiction on p38a signalling.  
 
In summary, we have identified Zcchc14 and p38δ as putative mediators of 
the deleterious effects of p38α KO in cancer cells. We also provide evidence 
supporting that downregulation of mitochondrial translation or mTOR 
signalling can potentiate the effect of p38a inhibitors. It remains to be seen 
to which extent these observations can be extrapolated to other cancer 
models, and if the increasing molecular characterization of different cancer 
cell types can provide us with reliable molecular clues to improve our 
understanding of the cellular context that drives p38a dependency. 
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- Depletion of the RNA-binding protein Zcchc14 improves the viability of 
p38a KO cancer cells 
 
- Targeting p38d enhances the survival of p38a KO cancer cells 
 
- Inhibition of mTOR signalling sensitizes cancer cells to p38a inhibition 
 
- Inhibition of mitochondrial translation further impairs the viability of p38a 
KO cancer cells 
 
- Database analyses allowes the identification of new p38a-dependent 
cancer cell models and potential co-dependencies 
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Appendix Table 1 | Top 50 hits at Day 14 based on the DESeq2 Analysis.  
DS2 – DESeq2 analysis; sgRNA – number of sgRNAs with the same trend 

 Symbol 
DS2-
D14 

KO/WT 

DS2-
D14  

sgRNA 

D7  
WT/Day0 

D14  
WT/Day0 

D7  
KO/WT 

D7  
sgRNA 

D14  
KO/WT 

D14  
sgRNA 

Zcchc14 5.32 4 -0.28 0.03 2.11 4 2.93 4 

Lmx1a -5.31 4 0.24 0.72 -1.44 2 -5.41 3 

Afm -5.08 4 -0.95 0.04 -0.89 2 -6.38 3 

Adcy6 -5.06 4 -0.37 -0.92 -0.56 1 -6.57 4 

Hc -5.01 4 -0.10 0.07 -0.70 1 -5.44 4 

Frmd7 4.98 4 0.30 -0.46 0.65 1 3.35 4 

Igf2bp2 -4.94 4 -0.88 -0.37 -0.58 1 -6.23 4 

Ranbp2 -4.89 4 0.15 0.78 -1.01 2 -3.70 4 

Ccnb2 -4.88 4 -0.27 0.01 -1.03 1 -6.42 4 

Gbgt1 -4.87 4 -0.10 0.00 -2.05 2 -6.20 3 

P2ry1 -4.68 4 -0.33 -0.72 0.03 0 -6.04 4 

Adprhl2 4.66 3 0.18 -1.45 -0.27 1 2.94 4 

Cuedc2 -4.61 4 0.20 0.33 -1.04 2 -4.46 4 

Carm1 -4.60 4 0.27 0.73 -0.89 3 -3.49 3 

Zdhhc12 4.58 3 -0.51 -1.85 0.23 1 3.24 3 

Skap2 -4.49 4 -0.24 0.27 -0.36 0 -3.82 4 

Chat -4.49 4 0.38 -0.28 -0.38 0 -5.65 3 

Dcun1d5 -4.46 3 -0.13 0.15 -0.25 0 -4.89 3 

Dus1l -4.44 4 -0.21 -0.63 -0.29 0 -6.02 3 

Mdm1 -4.43 4 -0.35 0.09 -0.87 1 -3.99 3 

Gps1 -4.40 4 2.87 3.30 -2.17 1 -7.00 2 

1700122O11Rik 4.40 3 -0.34 -1.16 0.19 1 2.42 3 

Vmn1r23 -4.39 4 -0.18 -0.20 -0.19 0 -5.87 4 

Gpr179 4.35 4 0.16 -0.35 0.42 2 2.43 4 

Hps5 -4.35 4 -0.44 -1.02 -0.26 1 -5.82 4 

Tacc1 4.33 3 -0.83 -1.17 1.43 2 2.73 4 
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Symbol 
DS2-
D14 

KO/WT 

DS2-
D14  

sgRNA 

D7  
WT/Day0 

D14  
WT/Day0 

D7  
KO/WT 

D7  
sgRNA 

D14  
KO/WT 

D14  
sgRNA 

Il10 -4.33 4 -0.06 0.46 -0.13 0 -3.43 3 

Ap2a2 -4.32 4 -0.31 0.00 0.28 1 -5.02 3 

Myo3b -4.28 4 0.44 0.11 -0.37 0 -4.56 3 

Defb38 -4.27 4 0.30 0.67 -1.15 1 -3.62 3 

Dcp2 -4.27 4 -0.73 -0.61 -0.56 1 -5.71 4 

Dram2 -4.26 4 0.01 0.47 -0.43 0 -4.33 3 

Usp53 -4.26 4 0.05 0.80 -0.28 1 -3.29 3 

Srrd -4.24 4 -0.84 -0.02 -1.62 1 -5.94 3 

A430078G23Rik 4.20 3 -0.26 -2.61 0.48 2 3.55 4 

Btbd1 4.20 4 -0.36 -0.57 0.58 1 1.78 3 

Topors 4.20 4 0.38 0.26 0.96 2 2.58 4 

Sdccag8 -4.20 3 -0.31 0.34 -0.73 1 -4.58 3 

Olfr1084 -4.20 4 0.41 0.84 -0.45 0 -5.88 2 

Myl6 -4.18 4 0.62 1.78 -0.43 0 -2.16 4 

2610028H24Rik -4.15 4 -0.01 0.52 -0.17 1 -3.78 3 

Suv39h1 4.15 3 -0.50 -1.19 0.48 1 2.48 3 

Guf1 -4.15 4 0.04 0.22 -0.58 1 -3.63 3 

Dhx30 4.14 3 0.00 -1.32 0.60 0 2.61 3 

Olfr1465 -4.13 4 -0.57 -0.18 -1.27 2 -4.83 3 

Il25 -4.12 4 -0.34 0.28 0.04 1 -3.26 4 

Olfr776 -4.12 4 -0.46 -0.05 -2.53 3 -4.38 3 

Lrrc24 -4.11 4 -0.38 0.58 -0.18 0 -4.53 3 

Mag -4.11 4 -0.26 0.51 -0.22 0 -5.19 3 

Bub3 -4.11 4 0.12 0.50 -0.46 0 -6.83 3 
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Appendix Table 2 | Overlap between the Day 7 and Day 14 analyses (72 genes) 
DS2 – DESeq2 analysis; sgRNA – number of sgRNAs with the same trend 

Symbol DS2-
D14 

KO/WT  

DS2-
D14  

sgRNA 

D7  
WT/Day

0 

D14  
WT/Day

0 

D7  
KO/WT 

D7  
sgRNA 

D14  
KO/WT 

D14  
sgRNA 

Atp6v1c1 -2.50 4 -0.59 -0.06 -3.32 2 -4.23 3 

Noc4l -3.52 4 -0.84 -0.06 -3.17 3 -5.10 4 

Mup1 -2.04 3 -0.36 -1.20 -3.12 2 -4.22 3 

Smc2 -2.84 3 0.43 -1.34 -2.97 3 -4.20 3 

Lce1g -2.25 3 0.03 -1.02 -2.84 3 -3.09 2 

Sympk -3.27 4 -0.43 0.02 -2.78 4 -4.56 3 

Nuf2 -2.11 4 -0.57 -0.19 -2.77 2 -3.40 3 

Rhox4f -1.57 3 0.04 -0.54 -2.72 2 -2.60 2 

Cbx5 -1.24 3 -0.37 -0.81 -2.62 2 -2.35 2 

Trp53i13 -2.41 3 -0.02 -0.52 -2.61 4 -3.35 2 

Chordc1 -1.62 4 -0.94 -1.41 -2.58 2 -4.32 3 

Klhdc10 -2.10 4 0.14 -0.28 -2.58 2 -1.99 2 

Usf2 -2.83 4 -0.58 0.33 -2.56 3 -4.16 2 

Olfr776 -4.12 4 -0.46 -0.05 -2.53 3 -4.38 3 

1110008L
16Rik -0.59 3 -0.42 -1.48 -2.52 2 -2.18 2 

Atr -3.50 4 -0.21 0.04 -2.51 2 -2.80 2 

Mrpl44 -2.40 4 -0.34 -0.98 -2.43 3 -3.64 2 

Tmprss3 -0.69 3 0.41 0.01 -2.42 2 -1.70 2 

Pigs -0.82 3 0.19 -0.07 -2.41 2 -2.89 2 

Top2b -0.69 2 -0.67 -0.97 -2.37 3 -2.47 2 

Dido1 -2.02 4 -0.65 -0.81 -2.36 2 -3.50 3 

Hsd17b13 -1.41 4 0.11 -0.04 -2.36 2 -1.82 2 

Vmn1r119 -1.57 4 -0.16 -0.23 -2.35 2 -2.48 3 

Orc2 -2.83 3 -0.78 -1.14 -2.33 3 -2.97 2 

Fen1 -2.36 4 -1.11 -0.95 -2.32 3 -4.13 3 

Tssc1 -2.03 4 -0.40 -0.70 -2.32 3 -2.36 2 
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Symbol DS2-
D14 

KO/WT  

DS2-
D14  

sgRNA 

D7  
WT/Day

0 

D14  
WT/Day

0 

D7  
KO/WT 

D7  
sgRNA 

D14  
KO/WT 

D14  
sgRNA 

Fip1l1 -0.80 3 -0.13 -0.01 -2.28 2 -2.97 2 

Sprr2a2 -2.50 4 0.28 0.12 -2.23 2 -2.68 2 

Wdr3 -3.03 4 -0.40 -0.92 -2.21 3 -5.04 4 

Aars -3.17 3 -0.51 -1.33 -2.20 3 -4.12 3 

Aamp -2.84 4 -0.90 -0.27 -2.15 3 -3.90 4 

Vmn1r148 -3.56 3 -0.07 -0.31 -2.13 2 -4.82 3 

Hist1h3f -2.22 4 -0.70 -0.05 -2.08 2 -2.60 2 

Gbgt1 -4.87 4 -0.10 0.00 -2.05 2 -6.20 3 

Rab3gap1 -2.31 3 -0.50 -0.44 -2.04 2 -3.45 2 

Znhit6 -1.53 3 -0.08 -0.74 -2.02 2 -2.53 2 

Gnb1l -2.91 4 -1.23 -0.54 -2.01 2 -4.76 3 

Coq6 -1.01 4 -1.26 -1.25 -1.96 2 -1.97 3 

Fabp5 -1.60 3 -0.71 -0.81 -1.95 2 -1.86 2 

Zfp942 -2.45 4 -0.36 0.15 -1.95 2 -3.78 2 

Atp6v0e -3.40 4 -0.03 0.05 -1.94 2 -5.11 3 

Tceal6 -1.56 4 -0.31 -0.32 -1.94 3 -2.05 3 

Caml -2.41 4 -0.14 -0.04 -1.94 2 -2.26 2 

Lsm3 -2.88 4 -0.41 -0.40 -1.94 2 -4.16 3 

Nfkb2 -3.87 4 0.06 0.24 -1.88 2 -5.78 3 

Mrpl28 -3.24 4 -0.90 -0.79 -1.88 2 -4.07 4 

Pdap1 -2.21 4 -0.18 -0.43 -1.88 3 -2.96 3 

Vmn1r91 -2.74 4 0.10 -0.40 -1.87 2 -3.27 4 

Mnat1 -1.82 4 0.01 -0.93 -1.87 2 -3.00 2 

Dctn6 -2.63 4 -1.02 -1.42 -1.85 2 -4.00 3 

Orc6 -3.15 3 -0.13 -0.85 -1.85 3 -4.29 3 

Olfr490 -2.17 4 -0.34 -0.29 -1.82 2 -2.62 2 

Cops2 -2.92 4 -0.68 -0.29 -1.77 2 -5.20 3 

Slc33a1 -2.16 4 -0.11 -0.54 -1.76 2 -2.42 3 

Snrnp40 -0.72 2 -0.47 -0.35 -1.75 2 -2.67 2 
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Symbol DS2-
D14 

KO/WT  

DS2-
D14  

sgRNA 

D7  
WT/Day

0 

D14  
WT/Day

0 

D7  
KO/WT 

D7  
sgRNA 

D14  
KO/WT 

D14  
sgRNA 

Zfp35 -0.67 3 -0.86 -1.40 -1.74 2 -1.84 2 

Tead2 -2.27 3 0.19 0.07 -1.74 2 -3.39 3 

Smc6 -1.84 4 -0.85 -0.16 -1.72 2 -1.57 3 

Srp68 -3.01 3 -0.33 -1.13 -1.70 2 -3.08 2 

Skp1a -2.72 4 -1.16 -0.27 -1.70 2 -5.17 3 

Ddx26b -2.87 4 -0.61 -0.40 -1.69 2 -3.78 3 

Nop16 -0.94 4 -0.83 -0.76 -1.63 3 -2.15 2 

Olfr825 -1.39 3 -0.28 -0.75 -1.63 3 -2.01 2 

Gm15386 -2.15 3 -0.54 -0.37 -1.61 2 -2.42 3 

Eed -0.51 3 -0.55 -1.24 -1.61 2 -2.32 2 

Fdps -3.31 4 -0.76 -1.23 -1.61 2 -5.43 3 

Cramp1l -2.02 4 -0.63 -1.18 -1.60 2 -2.66 3 

Jmjd1c -1.21 2 -1.29 -1.35 -1.58 2 -2.39 2 

Nhp2 -1.94 3 -0.65 -0.91 -1.56 2 -3.46 3 

Wbp5 -2.82 4 -0.48 -1.01 -1.55 2 -3.63 3 

Hus1 -1.77 4 -0.62 -0.91 -1.53 4 -4.06 3 

Kpna2 -4.05 4 -0.96 0.03 -1.51 3 -5.67 4 
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Appendix Table 3 | The p38a dependent cancer cell lines 

DepMap 
ID 

Cell Line 
MAPK14 
Chronos 

GeneEffect 

MAPK14 
Chronos

Prob 
Primary disease 

Cellosaurus 
NCIt_disease 

ACH-
000953 SUP-T1 -1.35 0.97 Leukemia 

Childhood T 
lymphoblastic 
lymphoma 

ACH-
001050 CW9019 -0.83 0.94 Sarcoma 

Alveolar 
rhabdomyosarcoma 

ACH-
001407 

UM-UC-
13 -0.70 0.92 Bladder Cancer Bladder carcinoma 

ACH-
002021 T3M-3 -0.83 0.91 

Endometrial/Uteri
ne Cancer 

Gestational 
choriocarcinoma 

ACH-
001765 Rh4 -0.87 0.91 Sarcoma 

Alveolar 
rhabdomyosarcoma 

ACH-
001096 JR -0.73 0.91 Sarcoma 

Alveolar 
rhabdomyosarcoma 

ACH-
000483 

SNU-
182 -0.73 0.91 Liver Cancer 

Adult hepatocellular 
carcinoma 

ACH-
001562 Mero-95 -0.72 0.91 Lung Cancer 

Pleural epithelioid 
mesothelioma 

ACH-
000365 

SU-DHL-
4 -0.68 0.90 Lymphoma 

Diffuse large B-cell 
lymphoma germinal 
center B-cell type 

ACH-
000932 SNU-1 -0.67 0.90 Gastric Cancer Gastric adenocarcinoma 

ACH-
000601 

MIA 
PaCa-2 -0.57 0.86 Pancreatic Cancer 

Pancreatic ductal 
adenocarcinoma 

ACH-
000410 Saos-2 -0.63 0.84 Bone Cancer Osteosarcoma 

ACH-
001616 

OCI-
LY18 -0.55 0.83 Lymphoma 

Diffuse large B-cell 
lymphoma 

ACH-
001389 

SUM-
1315MO
2 -0.63 0.82 Breast Cancer 

Invasive breast 
carcinoma of no special 
type 

ACH-
001336 Ca Ski -0.61 0.82 Cervical Cancer 

Human papillomavirus-
related cervical 
squamous cell 
carcinoma 

ACH-
001992 ONE58 -0.60 0.82 Lung Cancer 

Pleural epithelioid 
mesothelioma 

ACH-
001858 SSP-25 -0.55 0.80 Bile Duct Cancer 

Intrahepatic 
cholangiocarcinoma 
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DepMap 
ID 

Cell Line 
MAPK14 
Chronos 

GeneEffect 

MAPK14 
Chronos

Prob 
Primary disease 

Cellosaurus 
NCIt_disease 

ACH-
000371 RL -0.57 0.79 Lymphoma 

Diffuse large B-cell 
lymphoma 

ACH-
000024 OPM-2 -0.54 0.78 Myeloma Plasma cell myeloma 

ACH-
001977 NO36 -0.53 0.78 Lung Cancer 

Pleural malignant 
mesothelioma 

ACH-
000938 NALM-6 -0.60 0.77 Leukemia 

Adult B acute 
lymphoblastic leukemia 

ACH-
001368 

OAC-
M5.1 -0.51 0.76 

Esophageal 
Cancer 

Esophageal 
adenocarcinoma 

ACH-
000335 

MSTO-
211H -0.71 0.76 Lung Cancer 

Pleural biphasic 
mesothelioma 

ACH-
001233 

VMRC-
LCD -0.44 0.75 Lung Cancer Lung adenocarcinoma 

ACH-
000848 JHH-7 -0.54 0.75 Liver Cancer 

Adult hepatocellular 
carcinoma 

ACH-
000716 

TT2609-
C02 -0.55 0.75 Thyroid Cancer 

Thyroid gland follicular 
carcinoma 

ACH-
000152 M059K -0.58 0.73 Brain Cancer Glioblastoma 

ACH-
000905 5637 -0.52 0.73 Bladder Cancer Bladder carcinoma 

ACH-
000452 TE-8 -0.50 0.72 

Esophageal 
Cancer 

Esophageal squamous 
cell carcinoma 

ACH-
000375 G-402 -0.54 0.72 Kidney Cancer Kidney neoplasm 

ACH-
000541 KMS-34 -0.66 0.71 Myeloma Plasma cell myeloma 

ACH-
000627 

LCLC-
103H -0.56 0.71 Lung Cancer 

Lung large cell 
carcinoma 

ACH-
000658 KMS-18 -0.49 0.70 Myeloma Plasma cell myeloma 

ACH-
001648 Shmac 4 -0.49 0.70 Prostate Cancer Prostate carcinoma 

ACH-
001067 F5 -0.52 0.70 Brain Cancer Meningioma 

ACH-
001802 LPS853 -0.52 0.69 Liposarcoma 

Dedifferentiated 
liposarcoma 

ACH-
001639 ROS-50 -0.56 0.68 Leukemia 

Diffuse large B-cell 
lymphoma 
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DepMap 
ID 

Cell Line 
MAPK14 
Chronos 

GeneEffect 

MAPK14 
Chronos

Prob 
Primary disease 

Cellosaurus 
NCIt_disease 

ACH-
000747 

NCI-
H1703 -0.49 0.68 Lung Cancer 

Lung squamous cell 
carcinoma 

ACH-
000261 

RERF-
LC-AI -0.46 0.67 Lung Cancer 

Lung squamous cell 
carcinoma 

ACH-
001690 

UPCI-
SCC-026 -0.45 0.66 

Head and Neck 
Cancer 

Oral cavity squamous 
cell carcinoma 

ACH-
000843 HARA -0.46 0.66 Lung Cancer 

Lung squamous cell 
carcinoma 

ACH-
001574 

MOLM-
14 -0.48 0.65 Leukemia 

Adult acute myeloid 
leukemia 

ACH-
000231 KALS-1 -0.46 0.64 Brain Cancer Glioblastoma 

ACH-
001736 HB1119 -0.45 0.64 Leukemia 

B acute lymphoblastic 
leukemia 

ACH-
001394 

SUM-
229PE -0.50 0.64 Breast Cancer Breast carcinoma 

ACH-
001450 BLUE-1 -0.56 0.63 Lymphoma Burkitt lymphoma 

ACH-
000174 CAL-62 -0.45 0.63 Thyroid Cancer 

Thyroid gland 
anaplastic carcinoma 

ACH-
001500 FLO-1 -0.44 0.63 

Esophageal 
Cancer Barrett adenocarcinoma 

ACH-
000853 

NCI-
H661 -0.49 0.63 Lung Cancer 

Lung large cell 
carcinoma 

ACH-
000151 JM1 -0.52 0.63 Leukemia 

B acute lymphoblastic 
leukemia 

ACH-
000696 

OVCAR-
8 -0.42 0.61 Ovarian Cancer 

High grade ovarian 
serous adenocarcinoma 

ACH-
002210 ARH-77 -0.34 0.61 Blood  
ACH-
002186 PL4 -0.45 0.59 Pancreatic Cancer 

Pancreatic ductal 
adenocarcinoma 

ACH-
000833 RH-30 -0.51 0.59 Sarcoma 

Alveolar 
rhabdomyosarcoma 

ACH-
000776 ONS-76 -0.49 0.59 Brain Cancer Medulloblastoma 

ACH-
001619 OCUG-1 -0.54 0.58 

Gallbladder 
Cancer Gallbladder carcinoma 

ACH-
000496 

NCI-
H1792 -0.46 0.58 Lung Cancer Lung adenocarcinoma 
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DepMap 
ID 

Cell Line 
MAPK14 
Chronos 

GeneEffect 

MAPK14 
Chronos

Prob 
Primary disease 

Cellosaurus 
NCIt_disease 

ACH-
000762 YD-38 -0.51 0.56 

Head and Neck 
Cancer 

Gingival squamous cell 
carcinoma 

ACH-
001606 no.11 -0.42 0.55 Brain Cancer Glioblastoma 

ACH-
002189 

RCC-
FG2 -0.39 0.55 Kidney Cancer 

Clear cell renal cell 
carcinoma 

ACH-
001653 SK-GT-2 -0.42 0.55 Gastric Cancer 

Gastric fundus 
carcinoma 

ACH-
000792 

BFTC-
909 -0.40 0.54 Kidney Cancer 

Renal pelvis urothelial 
carcinoma 

ACH-
000793 KATO III -0.38 0.54 Gastric Cancer Down syndrome 

ACH-
000721 

HMC-1-
8 -0.40 0.54 Breast Cancer Breast carcinoma 

ACH-
002298 PCI-6A -0.39 0.53 

Head and Neck 
Cancer 

Tonsillar squamous cell 
carcinoma 

ACH-
000176 

LOU-
NH91 -0.44 0.53 Lung Cancer 

Lung squamous cell 
carcinoma 

ACH-
001530 JEG-3 -0.46 0.53 

Endometrial/Uteri
ne Cancer 

Gestational 
choriocarcinoma 

ACH-
000471 Li-7 -0.41 0.53 Liver Cancer 

Adult hepatocellular 
carcinoma 

ACH-
000719 RMG-I -0.34 0.52 Ovarian Cancer 

Ovarian clear cell 
adenocarcinoma 

ACH-
001391 

SUM-
159PT -0.47 0.52 Breast Cancer 

Breast pleomorphic 
carcinoma 

ACH-
000748 SJSA-1 -0.38 0.52 Bone Cancer Osteosarcoma 

ACH-
001563 MM127 -0.44 0.52 Skin Cancer Amelanotic melanoma 

ACH-
002029 SAS -0.35 0.51 

Head and Neck 
Cancer 

Tongue squamous cell 
carcinoma 

ACH-
001555 Mero-14 -0.53 0.51 Lung Cancer 

Pleural epithelioid 
mesothelioma 

ACH-
000364 U-2 OS -0.39 0.51 Bone Cancer Osteosarcoma 
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Appendix Table 4 | Top 20 p38a co-dependencies in cancer cells 

Gene p_adj Pearson's R 

MAP3K4 2.59E-55 0.465691 

MAP2K3 1.43E-46 0.431632 

GADD45B 1.52E-20 0.30182 

MIDEAS 1.05E-12 0.244499 

CCNC 2.42E-12 0.240912 

MLST8 1.04E-09 0.217129 

TCF3 1.04E-09 0.217067 

MED23 4.81E-08 0.199943 

DYRK1A 5.04E-08 0.198613 

AFF1 8.66E-08 0.195592 

DCPS 1.03E-07 0.194536 

MED24 4.14E-07 0.187721 

MED13 4.30E-07 0.187139 

UBE2J1 4.30E-07 0.186672 

CD19 4.30E-07 0.186666 

MED16 8.23E-07 0.183412 

MRE11 8.43E-07 0.183103 

IRF2 1.73E-06 0.179468 

PWP2 5.83E-06 0.172185 

DNTTIP1 5.83E-06 0.17199 
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