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BSTRACT 

enomics studies routinely confront researchers 

ith long lists of tumor alterations detected in pa- 
ients. Such lists are difficult to interpret since only a 

inority of the alterations are rele vant biomarker s for 
iagnosis and for designing therapeutic strategies. 
anDrugs is a methodology that facilitates the inter- 
retation of tumor molecular alterations and guides 

he selection of personalized treatments. To do so, 
anDrugs scores gene actionability and drug fea- 
ibility to pr o vide a prioritized evidence-based list 
f drugs. Here, we introduce PanDrugs2, a major 
pgrade of PanDrugs that, in addition to somatic 

ariant analysis, supports a new integrated multi- 
mics analysis which simultaneously combines so- 
atic and germline variants, copy number variation 

nd gene expression data. Moreover, PanDrugs2 now 

onsiders cancer genetic dependencies to extend 

umor vulnerabilities pr o viding therapeutic options 

or untarg etable g enes. Importantly, a novel intuitive 

epor t to suppor t c linical decision-making is gener - 
ted. PanDrugs database has been updated, integrat- 
ng 23 primary sources that support > 74K drug–gene 

ssociations obtained from 4642 genes and 14 659 

nique compounds. The database has also been 

eimplemented to allow semi-automatic updates to 

acilitate maintenance and release of future versions. 
anDrugs2 does not require login and is freely avail- 
ble at https:// www.pandrugs.org/ . 
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RAPHICAL ABSTRACT 

NTRODUCTION 

dentifying the most appropriate therapies from multi- 
mics data is a major challenge in cancer precision 

edicine. As our understanding of disease processes be- 
omes more complex, it is increasingly clear that no single 
ata type can provide a complete picture of disease patho- 
enesis or treatment response ( 1 ). This complexity leads to 

he detection of numerous molecular alterations within a 
ingle tumor including mutations, structur al alter ations and 

eregulated genes. As a result, researchers and clinicians 
ace long lists of alterations which are hardly interpretable 
ince most of them are clinically ‘unactionab le’, irrele vant to 

umor biology or their biological function is unknown, hin- 
ering the implementation of precision medicine strategies 
 2 ). In precision oncology, somatic mutations are commonly 
mphasized for clinical diagnosis and treatment. The joint 
valuation of a patient’s genomic and transcriptomic data 
an provide additional biological insights, including the 
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determination of the functionality of a mutation ( 3 , 4 ).
Howe v er, the application of multi-omics data to clinical
practice remains daunting ( 5 , 6 ). In this scenario, in silico
drug prescription tools have emerged to propose new data-
dri v en therapeutic strategies based on the molecular fea-
tures of the tumors, functional activity and drug sensitiv-
ity data ( 7 ). Some of these methodologies have focused
on interpreting cancer genomic landscapes either by exclu-
si v ely e xamining well-known clinically actionable variants
( 8–10 ) or by utilizing systems biolo gy a pproaches to antic-
ipate therapeutic response or uncover new druggable genes
( 11–13 ). 

PanDrugs is a w e b tool to assist in selecting therapies
based on the results of cancer genome-wide studies ( 14 ). It
identifies actionable mutations and prioritizes drugs by cal-
culating a Gene Scor e (GScor e) and a Drug Score (DScore)
that combine both biological and clinical r elevance. P an-
Drugs r epr esented the first drug pr escription strategy ap-
plying a rationale based on pathway context, multi-gene
markers impact and functional experiments. PanDrugs has
been systematicall y a pplied to anal yze cancer genomes in
PCAWG ( 15 ), for predicting drug response in TCGA data
( 16 ) and for determining therapies in a T-ALL patient case
report ( 17 ). The tool is included in the ELIXIR bio.tools
catalogue and in the European Open Science Cloud (EOSC)
marketplace. 

Her e, we pr esent P anDrugs2, a major P anDrugs upgrade
that is the result of fiv e years of use and the feedback from
our r esear ch and clinical users. P anDrugs2 has been specifi-
cally designed for precision medicine, which r equir es up-to-
date user-friendly tools, seamless integration of multi-omics
data for treatment prioritization and intuiti v e genomic re-
ports to support clinical decision-making. 

O VER VIEW AND UPDATES OF CORE PANDRUGS
FUNCTIONS 

P anDrugs2 r etains its cor e featur es while introducing new
functionalities: (i) it now enables the integration of germline
variant analysis for drug recommendations, (ii) accepts in-
put data from copy number variants (CNVs) and / or tran-
scriptomics experiments, (iii) supports multi-omics analy-
ses combining somatic and germline single-nucleotide vari-
ants (SNVs), CNVs and gene expression data simultane-
ously, (iv) includes cancer genetic dependencies to sup-
port druggability evidence, and (v) generates user-friendly
reports for clinical decision-making. PanDrugs database
(PanDrugsdb) also includes new sources and has been re-
designed to facilitate updating (Figure 1 ). 

Updates on PanDrugsdb 

PanDrugsdb ne w v ersion integra tes drug-gene associa tions
retrie v ed from 23 annotation sources supporting > 74K as-
sociations obtained from 4642 genes and 14 659 unique
compounds (Supplementary Figures S1 and S2; Supple-
mentary Table S1). Importantly, the PanDrugsdb update
process has been semi-automated including the steps of
da ta downloading, harmoniza tion and full integra tion of
all gene and drug annotation sour ces. P anDrugsdb is manu-
ally curated to correct drug name inconsistencies and unify
the Food and Drug Administration (FDA) and the Eu-
ropean Medicines Agency (EMA) drug indications. The
whole database can now be fully updated in less than a
week, compared to se v eral weeks in previous versions, fa-
cilitating ongoing maintenance and the release of future
updates. PanDrugsdb has been upgraded to GRCh38-hg38
human genome assembly. PanDrugs API and the Docker
image have also been updated accordingly. 

Updates on PanDrugs web-server 

Updates in gene score and drug score. PanDrugs2 mines
Pandrugsdb to calculate two scores for prioritizing treat-
ments: The Gene Score (GScore) and the Drug Score
(DScor e). In P anDrugs2, new GScor e and DScor e ar e com-
puted using the novel sources incorporated in PanDrugsdb
(Supplementary Figure S3). The GScore evaluates for each
gene alteration, the biological consequence and functional
impact, the population allele frequency, the gene essential-
ity in cancer, the gene druggability and the clinical implica-
tion (Supplementary Tables S3 and S4). The GScore ranges
from 0 to 1, with higher values corresponding to the most
rele vant and actionab le targets. The DScore e valuates the
suitability for each drug considering drug response (sensi-
tivity or resistance), drug indication (for cancer or other dis-
eases), clinical status (approved by the FDA or the EMA, in
clinical trials or experimental treatments), type of gene-drug
relationship , n umber of curated databases supporting this
relationship and the collecti v e gene impact (Supplementary
Table S2). The range of the DScore is from –1 to 1, where
negati v e values indicate resistance and positi v e values indi-
cate drug sensitivity. 

PanDrugs2 supports diverse omics input data types. Pan-
Drugs2 new multi-omics analysis interface allows users
to select the type of input data they want to combine
(i.e. SNVs, CNVs and / or gene expression) and generate
an integrated final results table (Supplementary Figures
S4 and S5). Users can make queries using somatic SNVs
to prioritize drug candidates whose direct (or indirect)
gene targets hav e actionab le alterations. Moreov er, they can
sim ultaneousl y incorporate pharmaco genetic information
through germline analysis to detect variants which can be
used to inform treatment decisions. CNV status and gene
expression information (i.e. amplifications , deletions , over-
and under-expression) are also incorporated in a new col-
umn of the drug prioritization results table. The table of re-
sults includes the candidate drugs for targeting the molecu-
lar alterations identified in all the inputs used. 

PanDrugs2 evaluates pharmacogenetic variants for drug rec-
ommendations . PanDrugs now integra tes the Pharma-
cogenomics Clinical Annotation Tool (PharmCAT) that ex-
tracts germline variants from an input VCF (Variant Call-
ing File), interprets the variant alleles and generates a phar-
macogenetics report with treatment recommendations ( 18 )
(Supplementary Figures S4 and S5). This enables the inclu-
sion of guidelines from the Clinical Pharmacogenetics Im-
plementation Consortium (CPIC) in a new column of the
P anDrugs r esults featuring CPIC r ecommendations (e.g.
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Figure 1. PanDrugs2 workflow. The PanDrugs2 w e b server allows uploading lists of genes , drugs , somatic and germline variants (.vcf), CNVs (.tsv) and 
gene expression data (.rnk) for drug prioritization analyses. Drug prioritization is performed using the GScore and DScore, which are calculated from 

the drug and gene annotations stored in P anDrugsdb. The r esults ar e pr esented as interacti v e tab les and plots, as well as user-friendly reports to support 
clinical decision-making. 
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‘strongly not recommended’ drug). The full PharmCAT re-
port can also be downloaded from the summary box at the
top of the results page. 

Incorpor ating g enetic dependencies for drug prescription.
PanDrugs2 classifies altered genes according to their drug-
gability as ‘direct targets’, ’biomarkers’, ’genetic dependen-
cies’ and ’pathway members’. The term ‘direct targets’ refers
to genes that directly contribute to the disease phenotype
and can be targeted by a drug, such as small molecules
or monoclonal antibodies. ‘Biomarkers’ are genes with a
genetic status associated with drug response, but the pro-
tein product itself is not the target of the drug. The term
‘pathway member’ encompasses all druggable downstream
targets that are part of the underlying pathway of the
user’s input. In this new version, we have introduced ‘ge-
netic dependency’ as a new druggability evidence obtained
from CRISPR-Cas9 genome-wide loss-of-function screens
in cancer cell lines ( 19 ). PanDrugs2 proposes drugs to tar-
get 361 genetic dependencies which would expand the ther-
apeutic options with 171 approved drugs and 142 in clini-
cal trials. Both ‘pathway member’ and ‘genetic dependency’
r epr esent innovati v e approaches that open up ne w thera-
peutic opportunities for untargetable genes. 

PanDrugs2 prioritizes therapies combining multi-omics data.
PanDrugs2 can be executed using SNVs, CNVs and gene
expression data sim ultaneousl y. The drug prioritization
process combines the GScore and DScore to rank drugs
targeting the queried altered genes (Supplementary Figure
S5). Additionally, the server uses a ‘collecti v e gene impact’
analysis to determine the number of druggable genes (di-
rect targets , biomarkers , genetic dependencies and pathway
members) associated with a particular drug. Thus, the drugs
capable of targeting the greatest number of druggable genes
are gi v en priority. The final result is a list of drug-gene(s)
associations ranked by DScore and GScore. An ideal multi-
omics analysis would gi v e the highest scores to those drug-
gene associations consisting of approved drugs targeting di-
rect actionable genes that are mutated, amplified and / or
ov ere xpressed. The final results table would highlight the
Best Therapeutic Candidates or BTCs (GScore > 0.6 and
DScore > 0.7) which would be included in the PanDrugs2
report. 

PanDrugs2 genomic report. PanDrugs2 incorporates a
new functionality to generate an automated, downloadable
and easy-to-understand genomic report to assist in clinical
decision-making. The report comprises two sections: (i) a
brief summary and statistical ov ervie w of PanDrugs2 re-
sults and (ii) the complete list of BTCs annotated with their
approval status, type of therap y, r esponse, drug family, their
actionable variants and the type of drug-gene association. 

IMPLEMENT A TION 

P anDrugs2 w eb-server 

Implemented in AngularJS 1.6, the PanDrugs2 front-end
application is in charge of getting user queries, communi-
cating with the back-end and displaying results in a user-
friendly interface. The back-end application, implemented
in Java with the JAX-RS API running in a Java EE appli-
cation in Apache Tomcat 8, is in charge of (i) storing gene
and drugs data, (ii) performing and managing multi-omics
analyses and (iii) allowing interoperability with external ap-
plications through a public REST API. 

PanDrugsdb 

The PanDrugs2 database is stored in MySQL 5.7 RDBMS.
VCF variant analyses are performed with a Perl script, after
an annotation step using the VEP (Ensembl Variant Effect
Pr edictor, v109.3). If r equested, germline variants ar e ana-
lyzed with PharmCAT (v2.1.2). 

RESULTS 

PanDrugs2 GUI has been redesigned to support six types of
queries in different file formats: gene list (.txt), gene ranking
(.rnk), drug, CNVs (.tsv), small variants (.vcf) and multi-
omics (.vcf / .tsv / .rnk). Additionally, the GUI enables two
novel query modes: (i) a ‘clinical mode’ to prescribe drugs
potentiall y a pplicable in the clinical setting (a pproved and
in clinical trials) via direct target, biomarker and genetic de-
pendency evidence and (ii) ‘discovery mode’ that also al-
lows the prescription of experimental drugs and / or path-
way members evidence. PanDrugs2 results table includes
new icons showing muta tional sta tus, CPIC indica tions,
CNV status and gene e xpression le v els. Moreov er, the w e b
server displays updated results for the TCGA cohort using
PanDrugs2. 

Use case 1: PanDrugs2 multi-omics analysis of a melanoma
patient 

A 51-year old female patient with metastatic melanoma
from TCGA cohort (TCGA-EE-A29T) was found to have a
somatic onco genic BRAF m utation. The patient was treated
with vem urafenib, w hich resulted in minimal toxicity and a
complete response to therapy. We obtained from cBioPor-
tal ( 20 ) patient´s multi-omics data (somatic SNVs, CNV,
and expression data) and processed the file formats to en-
sure compatibility with PanDrugs2. We selected the ‘clini-
cal mode’ and specified ‘Skin’ as the cancer type. PanDrugs2
results showed as BTCs: RAF inhibitors (e.g. vemurafenib)
and MEK inhibitors (e.g. trametinib), which are FDA ap-
proved drugs, alone or in combination, for the treatment of
BRAF -mutant melanoma patients. PanDrugs2 suggests ve-
murafenib as it directly targets the BRAF oncogenic muta-
tion and because of the presence of mutated biomarkers as-
sociated with drug sensitivity ( MAP2K1 mutation and over-
expression). Additionally, trametinib is also recommended
by BRAF and MAP2K1 alterations, as well as new molecu-
lar evidence, such as G6PD (mutation and high ov ere xpres-
sion), CDKN2A (deletion and under expr ession) and due to
the genetic dependency of MAP2K1 in BRAF -mutant can-
cer cell lines (Figur e 2 ). Inter estingl y, w hen expanding the
drug search to other types of cancer, PanDrugs2 suggests
MTOR inhibitors like e v erolimus and sirolimus due to the
presence of an MTOR onco genic m utation. These findings
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Figure 2. Use case 1: PanDrugs2 multi-omics analysis of a melanoma pa tient. Pa tient’s CNVs (.tsv), gene expression (.rnk) and mutation (.vcf) data were 
anal yzed sim ultaneousl y. The query was performed using the default parameters of the clinical mode and by selecting the patient’s tumor type (i.e. skin). 
The results of PanDrugs2 analysis identified FDA-approved drugs, including MEK-targeted inhibitors (e.g. trametinib) and RAF-targeted inhibitors (e.g. 
vem urafenib), w hich ar e used to tr ea t melanoma pa tients with BRAF muta tions. MTOR inhibitors were also proposed when a drug-repurposing analysis 
was performed selecting all tumor types (data not shown). 
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Figure 3. ( A ) Use case 2: Small variants analysis of a breast cancer patient. PanDrugs2 suggested a combination of alpelisib (PIK3CA inhibitor) + ful- 
vestrant (estrogen receptor antagonist) based on the patient’s somatic mutations. The recommended chemotherapies (i.e. capecita bine, gemcita bine, and 
docetax el) wer e, in fact, the tr eatment r egimens the patient had alr eady r ecei v ed. PharmCAT identified fluorour acil and capecitabine as ‘Moder ately recom- 
mended’ due to a heterozygous germline mutation in DPYD, which results in decreased drug metabolism. ( B ) PanDrugs2 integration in the clinical setting. 
PanDrugs2 can be easily employed in the clinical context either by performing automated queries to PanDrugsdb through its API or locally through its 
Docker image. The goal is to support clinical decision-making through a report that is easily interpretable by medical professionals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

suggest treating the patient with vemurafenib and the po-
tential benefit of using MTOR inhibitors as a second-line
treatment. 

Use case 2: PanDrugs2 small variants analysis of a breast
cancer patient 

We analyzed a T CGA patient (T CGA-A2-A04P) diag-
nosed with breast invasi v e ductal carcinoma with an onco-
genic somatic mutation in PIK3CA . After diagnosis, the
patient recei v ed r adiother ap y and paclitax el as adjuvant
therapy followed by se v eral cy cles of chemotherapies used
to tr eat br east cancer after r ecurr ence. We applied P an-
Drugs2 using a combined analysis of the patient´s somatic
and germline variants selecting the ‘clinical mode’ and
‘Breast’ cancer type. According to the results of PanDrugs2,
alpelisib, a PIK3CA inhibitor, and its combination with ful-
vestrant are considered the most promising treatment op-
tions based on the patient’s somatic mutations. Additional
BT Cs wer e chemothera pies a pproved for breast cancer such
as capecita bine, gemcita bine and docetaxel, which were in
fact the same tr eatment r egimens administer ed to the pa-
tient. Interestingly, due to a heterozygous germline mu-
ta tion in DPYD tha t leads to reduced drug metabolism,
PharmCAT highlighted fluorouracil and capecitabine as
‘Moder ately recommended’. Over all, PanDrugs2 results in-
dica te tha t a personalized trea tment approach incorpora t-
ing a targeted therapy guided by PIK3CA -mutation and an
adjusted dose recommendation to minimize toxicities based
on a DPYD pharmacogenetic variant could have been ben-
eficial for the patient (Figure 3 A). 

DISCUSSION 

In silico drug prescribing and multi-omics data integra-
tion can enhance personalized precision medicine by of-
fering drugs tailored to individual molecular profiles, al-
lowing a better pa tient stra tifica tion tha t entails more
accurate diagnosis and treatments, and discovering new
biomarkers for predicting drug response. Here, we have
introduced PanDrugs2, a versatile in silico drug prescrip-
tion tool which uniquely integrates and analyses multi-
ple types of omics data, including small variants , CNVs ,
and transcriptomics. This innovati v e method e xpands the
therapeutic possibilities by considering a wider spectrum
of molecular alterations beyond the traditional one-size-
fits-all approach ( 21 ). Based on feedback from PanDrugs’
users, we have implemented additional enhancements in-
cluding pharmacogenetics analysis using germline variants
that, together with somatic mutations, can yield substan-
tially improved predictions of personalized drug efficacy.
Furthermor e, P anDrugs2’s new interface is tailored to-
wards clinical and r esear ch purposes producing an intuitive
multi-omics report that highlights the most promising drug
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andidates to support thera peutic decisions. Lastl y, Pan- 
rugsdb has undergone updates and reimplementation 

o enable semi-automated updates, simplifying future up- 
rades. At pr esent, P anDrugs2 stands as the only in sil- 
co prescription approach that utilizes a logical frame- 
ork based on multi-omics markers, genetic dependencies, 
olecular pathway context, and pharmacological evidence 
o systematically guide new tailored treatments. Two real- 
orld use cases utilizing patient multi-omics data are pre- 
ented to demonstrate PanDrugs2 usefulness. In the first 
se case, a melanoma patient, PanDrugs2 recommended the 
tandard of care and second-line treatment options, high- 
ighting the added value of the use of multi-omics data 
ather than just using mutations. In the second use case, 
 e show ed how a soma tic muta tion can guide personal- 
zed treatment of breast cancer and that the assessment of 
har macogenetic ger mline markers can help in choosing 
he treatment starting dose emphasizing the role of germline 
ariants in precision medicine. 
Despite its potential benefits, the application of in silico 
rug prescription in real clinical scenarios has not been ac- 
omplished yet. This is due to various reasons including 
he data analysis and interpretability bottlenecks and the 
 equir ement for comprehensi v e clinical data in large-scale 
ulti-omics data sets to train and test the algorithms ( 22 ). 
he main objecti v e behind the de v elopment of PanDrugs2 
s to enhance data interpretability for clinical decision- 
aking, thereby closing the gap between r esear ch and clin- 

cal applications. Furthermore, to improve interoperability, 
anDrugs2 implements a Docker container and a REST- 
PI to facilita te integra tion into standard sequencing 
ata analysis pipelines commonly used in clinical settings 
Figure 3 B). 
Although PanDrugs2 offers a valuable methodology, 

here is still a need for further efforts to advance cancer 
reatment by proposing more effecti v e drugs and anticipat- 
ng drug resistance. For instance, to improve drug priori- 
ization and accuracy of prescription, additional biologi- 
al relationship layers like protein interaction networks and 

ranscriptional regulatory modules should be integrated, 
longside a comprehensi v e drug ontology containing anno- 
ations such as drug indication, mechanism of action and 

ide effects. Over all, integr ating in silico drug prescribing 
ith multi-omics data has immense potential to enhance 
recision medicine. While there are still challenges to be ad- 
r essed, continued r esear ch and de v elopment in this area 
ill likely lead to significant advancements in the years to 

ome. 

A T A A V AILABILITY 

anDrugs2 is an open-source w e b server freely avail- 
ble at https://www.pandrugs.org/ . No login is re- 
uir ed for use. P anDrugsdb’s code is available at 
ttps://github.com/cnio- bu/pandrugs- db (permanent 
OI: 10.5281 / zenodo.7892104). 

UPPLEMENT ARY DA T A 

upplementary Data are available at NAR Online. 
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