:;,0:4 e L i fe RESEARCH ARTICLE a @

Figures and figure supplements

Decoding mechanism of action and sensitivity to drug candidates from integrated
transcriptome and chromatin state

Caterina Carraro et al

Carraro et al. eLife 2022;11:e78012. DOI: https://doi.org/10.7554/eLife.78012 10of 26


https://en.wikipedia.org/wiki/Open_access
https://creativecommons.org/
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking

ELlfe Research article Computational and Systems Biology

BxPC-3 HCT-15
M B cl 11
09
{ gou : B 200
Cl N N £ @) @) @
3 Q@ m10nM
Cl T o7 o
-§ O B2wM
T 05 @ m100nM
E
o
=
03
0n'1in 5min 10r;1in 15}nin 20 min Omin  5min 10min 15min 20 min
Time point of DNA denaturation
(03 BxPC-3 6 h BxPC-372 h
55 65 60: 022 0.14 55
- To0023 SO0
é” 0.12
g 50 014 0043 0 % E =) o [
8 0027 %E . EFl
c
@ .
Ba EE s o ey . . (46 Cell line
3 == E& %
@ %E . I BxPC-3
© 40 50 45 10
8 W HCT-15
35 5 4 [%5 Treat. time
G1 SIG2 G1 SIG2
[[l6h
HCT-156 h HCT-1572 h Wi2h
48] 75 45 75 W72h
0.0066
9 0.18 Compound
T 40 70 4 088 70
g m& . 087 o058 M
c —_—— o i
H . o 0.86 B
8o 0 e o5 3 EF ‘$| é &5
o .
@ === $ EE .
© 30| 160 30 160
o
25] 55 25 55
G1 SIG2 G1 SIG2
BxPC-3 6 h BxPC-312 h
S | Experimental Design Omic techniques
»
i +ompdM__ . RNA-seq ATAC-seq
3 Phd Prrrree ™ —
> 1 KL 2 2 2
= ++ @, Preree > -
52 042 ‘}‘ - P PY e 2 9 9
g 0.12 023 +cmpd B
é‘ 1 — - BxPC-3 Investigation o ranscriptional perturbations and
g |~ e | BT gt ey . 1 cmpd M " Gifterent sensitiity to Compounds M and B.
K‘; +‘> o i i Omic layers integration
/] -~
- - - @ L
HCT-156 h HCT-1512 h N’ ~ompd B CoGena
T HCT15 Construstion of
Z 0.0032 Co-e)?pg'zsrgi%rlyor:‘e?work
g3 _ 019 . control 6h 12h analysis
@ exposure exposure
25 $ 000037
K . 0.057
X E{E ==
E $ . s
=
>0

Figure 1. Cancer tropism of 3-chloropiperidines (3-CePs) is not explained by DNA damage. (A) Chemical structure of the analyzed 3-CePs
(M=monofunctional and B=bifunctional). (B) Quantification of genomic DNA damage in BxPC-3 and HCT-15 cells treated with M (10 nM and 100 nM),
B (200 nM and 2 uM), or DMSO (dimethyl sulfoxide) 0.5% (ctrl) for 6 hr and analyzed by the fast micromethod single-strand-break assay: alkaline
denaturation of DNA is followed in time up to 20 min by monitoring the fluorescence of the dsDNA-specific PicoGreen dye. (C) Cell cycle distribution

Figure 1 continued on next page
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Figure 1 continued

(accumulation in G1 vs G2/S phases) of BxPC-3 and HCT-15 cells treated with M (10 nM), B (200 nM), or DMSO 0.5% for 6 hr and 72 hr analyzed by
FACS (Fluorescence Activated Cell Sorting). At least three biological replicates were obtained per condition and unpaired two-tailed Student’s t-test
was performed to assess statistical significance (p<0.05). (D) Analysis of H2AX phosphorylation in BxPC-3 and HCT-15 cells treated with M (10 nM), B
(200 nM), or DMSO 0.5% for 6 hr and 12 hr analyzed by FACS. At least three biological replicates were obtained per condition, and unpaired two-tailed
Student’s t-test was performed to assess statistical significance (p<0.05). (E) Schematic representation of the adopted omic-based approach.
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Figure 1—figure supplement 1. Cancer tropism of 3-CePs is not explained by DNA damage—supporting data. (A) Flow cytometry gating strategy for
the cell cycle analysis and yH2AX induction. (B) Cell cycle distribution (accumulation in G1 vs G2/S phases) of BxPC-3 and HCT-15 cells treated with M
(10 nM), B (200 nM), or DMSO 0.5% for 12 hr analyzed by FACS. At least three biological replicates were obtained per condition, and unpaired two-
tailed Student’s t-test was performed to assess statistical significance (p<0.05).
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Figure 2. Treatments elicit cell-specific transcriptional changes. (A) An overview of the applied workflow for the RNA-seq analysis. (B) Number of up-
(red) and down-regulated (blue) differential expression (DE) genes in BxPC-3 and HCT-15 cells after treatment with M (10 nM), B (200 nM), or DMSO
0.5% (ctrl) for 6 hr and 12 hr (adjusted p threshold = 0.05, shrinkage = TRUE, and multiple testing method = independent hypothesis weighting [IHW]).
(C) Gene ontology (GO) database functional enrichment gene set enrichment analysis (GSEA) on cell-specific and shared up- and down-regulated DE

Figure 2 continued on next page
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genes. For each identified biological process, enrichments in terms of count and p-value of representative terms are reported (p<0.05). (D) Expression
level of cell-specific 6 hr DE genes across test conditions. GSEA was performed on modules with similar regulation identified by hierarchical clustering:
for each cluster, representative GO terms and genes of the associated load are reported.
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Figure 2—figure supplement 1. Treatments elicit cell-specific transcriptional changes—supporting data. (A) Scheme of the applied workflow for the
RNA-seq analyses. (B) Principal component analysis (PCA) post surrogate variable analysis (SVA) batch correction of RNA-seq data: PC1 vs PC2 showed
sample separation by cell line, PC2 vs PC3 (cell lines depicted separately) showed treatment and time point separation. (C) Volcano plots reporting
up- and down-regulated differential expression (DE) genes in all treated vs control comparisons (adjusted p<0.05). (D) Venn plot reporting the number

Figure 2—figure supplement 1 continued on next page
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of specific and shared up- and down-regulated DE genes between BxPC-3 and HCT-15 cells (union of DE genes in all treated vs control comparisons).
(E) Enriched gene ontology (GO) terms (p<0.05) derived from gene set enrichment analysis (GSEA) on BxPC-3 and HCT-15 DE genes (union of DE genes
in all treated vs control comparisons) and on shared DE genes (up- and down-regulated separately). (F) Schematic representation of enrichment map-
based selection of representative GO terms to be reported in Figure 2C.
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Figure 2—figure supplement 2. Treatments elicit cell-specific transcriptional changes—supporting data 2. (A) Expression level of cell-specific 12 hr
differential expression (DE) genes across test conditions. Gene set enrichment analysis (GSEA) was performed on modules with similar regulation
identified by hierarchical clustering: for each cluster, representative gene ontology (GO) terms and genes of the associated load are reported. (B) GO
database functional enrichment (GSEA) obtained from log,FC ranks in all treated vs control comparison both in BxPC-3 and HCT-15 cells. For each

Figure 2—figure supplement 2 continued on next page
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identified biological process, enrichments in terms of absolute normalized enrichment score (abs[NES]) and -log(p) of representative terms are reported
(p<0.05).

Carraro et al. eLife 2022;11:e78012. DOI: https://doi.org/10.7554/eLife.78012 10 of 26



ELlfe Research article Computational and Systems Biology

Count Cell line
@ 1 [71BxPC-3
regulation of response to DNA damage stimulus-{ @ W HCT-15
} - } @
nucleotide - excision repair- Treat ti
pvalue reatment time
double - strand break repair- 3 [Heh
c
o 1020 mWi2h
DNA repair{@) ® . 3
2| Jogs Compound
DNA damage checkpoint{ (X ] = [Im
base - excision repair{ ® ms
" f ‘ 1 ‘ BER HR
Non Recombinational
NER |recombinational NHEJ repair
. repair R
GO term: DNA repair MMR FA
BxPC-3 M 6h HCT-15 M 6h BxPC-3 B 6h HCT-15 B 6h
02~
2 pval : 0.07 g 03- §
§ ES:0.21 2 @
= 01n = 02
§ § §
£ E ;. £
§ 0o 5 §
£ £ g
5 G 00 s
o1, T T T T T T
0 5000 10000
rank
Leading Edge genes Leading Edge genes Leading Edge genes
L o O e . - =
LU Ly L n
E;,.'<5§ 50' \Egs m 8 ctrl 5< Sdi ctrl : ‘sggogzgggs = ctrl E ctrl
cRSW xL0350 3 3 %6 Las SES=NLEeS29 3 =
g™ % WeusZEE 5 o ug «Zy SETEY0taI=E 2 o
e I X T w s 4 » 2
o
— Count 4
of response to i ° ® ©)
ulation of in stabili -
reg pro wny o o @ © eF&"®
proteinfoiding) @ ® @ g © Bxecs
protein dephosphorylation{ [ ) pvalue 2 M 6h
o HCT-15
i ic p @ g o0 g ©5%n
o : HCT-
X ) g 1 O e’
system 21 Joos @
chaperone-mediated protein folding Y = o
cellular response to topologically incorrect protein o ® -2 0 2
T ¥ t 3 "
E. BxPC-3 M 6h F.
Cell line
opmlm o gm b e e o o 1278 ATF4 .| DDIT3 PPP1R15A i
pval : 0.002 g 920 [BxPC-3
§ 04- ES:061 g 2% B P E}j - WHCT-15
E ! 95 ® + - .
£ 0.2- S 1225 @ 85 $ reatment time
E | v g do T men
0.0 ‘g’ Wi2h
1 1 1 12.00
0 5000 10000 9.0 80
rank Compound
Leading Edge genes == =] == | M
I me
B & 5 © cntrl
5 o & 2
s T

Figure 3. DNA repair and proteostasis are key modulators of the response to 3-chloropiperidines (3-CePs). (A) Gene set enrichment analysis (GSEA)
for terms related to DNA damage and repair performed on differential expression (DE) genes detected in each of the considered treated vs control
comparisons. For each gene ontology (GO) term (p<0.05), enrichments in terms of count and p-value are reported. (B) GSEA enrichment plots for the
DNA repair pathway obtained from log,FC ranks for each of the considered treated vs control comparisons. The expression of leading edge genes

Figure 3 continued on next page
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Figure 3 continued

is also shown, where key DE genes are reported with the same color of their associated DNA repair pathways (BER = base excision repair, NER =
nucleotide-excision repair, MMR = mismatch repair, HR = homologous recombination, NHEJ = non-homologous end joining, and FA = Fanconi anemia
pathway) (Cantor et al., 2001; Charles Richard et al., 2016; Ferretti et al., 2016; Fortini et al., 2003, Fousteri and Mullenders, 2008; Jaafar et al.,
2017, Johnson et al., 1999, Kunkel and Erie, 2005; Liu and Kong, 2021; Li and Jin, 2012, Li et al., 2009a; Lou et al., 2017, Lu et al., 2007, Mazin
et al., 2010, McVey et al., 2016; Nijman et al., 2005; Niraj et al., 2019, Overmeer et al., 2010; Parsons et al., 2009, Pascucci et al., 2018; Piwko
et al., 2016; Poletto et al., 2014, Poulsen et al., 2013; Prasad et al., 2000, Rajendra et al., 2014; Satoh and Hanawalt, 1996, Smirnova et al.,
2005; Tellier and Chalmers, 2019, Westermark et al., 2003; Xu et al., 2008; Yard et al., 2016). (C) GSEA for terms related to protein stability and
endoplasmic reticulum (ER) load performed on DE genes detected in each comparison. For each GO term, enrichments in terms of count and p-value
are reported. (D) NES (normalized enrichment score) and -logy, pval for the log,FC rank-based GSEA enrichment of the GO term PERK-mediated
unfolded protein response (UPR) in treated vs control comparisons. (E) GSEA enrichment plot for the PERK-mediated UPR pathway obtained from
log,FC rank in the M 6 hr vs control comparison in BxPC-3 cells. The expression of leading edge genes is also shown, where key DE genes of the
mentioned pathway are reported. (F) Boxplots showing the expression level of ATF4, DDIT3, and PPPTR15A (vst-transformed normalized counts) in
BxPC-3 cells (n=3).
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Figure 3—figure supplement 1. DNA repair and proteostasis are key modulators of the response to 3-chloropiperidines (3-CePs)—supporting data.
(A) Expression level of differential expression (DE) genes included in the load of the gene ontology (GO) term regulation of response to DNA damage
stimulus (HCT-15 cells, p<0.05) in BxPC-3 and HCT-15 cells. (B) Expression level of DE genes included in the load of the GO term proteasomal protein
catabolic process (HCT-15 cells, p<0.05) in BxPC-3 and HCT-15 cells. (C) Gene set enrichment analysis (GSEA) for terms related to lipid metabolism

Figure 3—figure supplement 1 continued on next page
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Figure 3—figure supplement 1 continued

performed on DE genes detected in each of the considered treated vs control comparisons. For each GO term (p<0.05), enrichments in terms of
count and p-value are reported. (D) GSEA enrichment plots for the DNA repair pathway obtained from log,FC ranks for each of the considered treated
vs control comparisons. Key DE genes from the leading edge are reported, together with the expression of SCD in HCT-15 cells (normalized vst-
transformed batch corrected counts, n=3).
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Figure 4. The response to 3-chloropiperidines (3-CePs) is further regulated at the chromatin level. (A) An overview of the applied workflow for the
ATAC-seq analysis. (B) Number of up- (red) and down-regulated (blue) differentially accessible regions (DARs) in BxPC-3 and HCT-15 cells after
treatment with M (10 nM), B (200 nM), or DMSO 0.5% (ctrl) for 6 hr and 12 hr (p-value threshold = 0.05, shrinkage = TRUE). Light blue/red = all detected
DARs, dark blue/red = protein coding DARs mapping in promoter regions. (C) Accessibility level of cell-specific 6 hr DARs across test conditions. Gene

Figure 4 continued on next page
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Figure 4 continued

set enrichment analysis (GSEA) was performed on genes associated with DARs with similar regulation, grouped in modules identified by hierarchical
clustering: for each cluster, representative gene ontology (GO) terms and genes of the associated load are reported. (D) Pairwise integration: ratio-ratio
plots report the RNA- and ATAC-seq log,FCs of genes showing the same direction of transcriptional and chromatin accessibility regulation and their
GSEA. Integration was performed not only at the same time point of 6 hr in both omic layers. For each GO term (p<0.05), enrichments in terms of count
and p-value are reported.
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Figure 4—figure supplement 1. The response to 3-chloropiperidines (3-CePs) is further regulated at the chromatin level—supporting data. (A) Scheme
of the applied workflow for the ATAC-seq analyses. (B) Principal component analysis (PCA) of ATAC-seq data: PC1 vs PC2 showed samples separation by

cell line and PC2 vs PC3 (cell lines depicted separately) showed treatment and time point separation. (C) Upset plots reporting up- and down-regulated
differentially accessible regions (DARs) (p<0.05) and their overlap between all treated and control comparisons in both cell lines. (D) Accessibility level

Figure 4—figure supplement 1 continued on next page
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of cell-specific 12 hr DARs across test conditions. Gene set enrichment analysis (GSEA) was performed on genes associated with DARs with similar

regulation, grouped in modules identified by hierarchical clustering: for each cluster, representative gene ontology (GO) terms and genes of the
associated load are reported.
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Figure 4—figure supplement 2. The response to 3-chloropiperidines (3-CePs) is further regulated at the chromatin level—supporting data 2. (A)
Pairwise integration: ratio-ratio plots report the RNA- and ATAC-seq log,FCs of genes showing the same direction of transcriptional and chromatin
accessibility regulation. Integration was performed not at the same time point of 6 hr in both omic layers for compound B. Associated key gene set
enrichment analysis (GSEA) terms with p<0.05 are also reported. (B) Pairwise integration performed at the same time point of 12 hr in both omic layers

Figure 4—figure supplement 2 continued on next page
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in response to M and B. Associated key GSEA terms with p<0.05 are also reported. (C) The integration was also performed between chromatin changes
at 6 hr and transcriptional responses at 12 hr. Associated key GSEA terms with p<0.05 are also reported.
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Figure 5. Crosswise integration expedites the comprehension of multi-omic data. (A) Overview of the applied
workflow for the crosswise integration analysis. (B) Integrated modules of genes from the RNA- and ATAC-seq
layers obtained with vertical construction of co-expression network analysis (vCoCena) and associated group fold
change (GFC) pattern of regulation across conditions. The relative contribution of hits from the RNA- or ATAC-
seq layers is also reported for each module. (C) Representative gene ontology (GO) terms (p<0.05) for the most
relevant modules of genes, identified by gene set enrichment analysis (GSEA). Enrichments in terms of count and
p-value are reported. (D) Expression and chromatin accessibility levels in HCT-15 cells of genes included in the
steelblue module (nodes can come from the RNA- or ATAC-seq layer). (E) Most representative GO terms from
GSEA on genes of the steelblue module (key areas: EMT (Epithelial-Mesenchymal Transition), protein catabolism,
TGF B signaling, and DNA repair). For each GO term (p<0.05), enrichments in terms of count and p-value are
reported.
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Figure 5—figure supplement 1. Crosswise integration expedites the comprehension of multi-omic data—

supporting data. (A) Scheme of the applied workflow for the crosswise integration analysis. (B) Horizontally
integrated modules of genes from the RNA-seq layer and associated group fold change (GFC) pattern of

regulation across conditions. (C) Horizontally integrated modules of genes from the ATAC-seq layer and associated

GFC pattern of regulation across conditions. (D) Crosswise integrated vertical construction of co-expression

network analysis (vCoCena) network. (E) Most representative gene ontology (GO) terms from gene set enrichment
analysis (GSEA) on genes of the maroon, orchid, dark orange, dark grey, indian red, pink, and dark green modules.
For each GO term (p<0.05), enrichments in terms of count and p-value are reported. (F) Boxplots showing the
expression level of AUNIP and KBTBDS (vst-transformed normalized counts, batch corrected in RNA-seq, n=3) in

BxPC-3 and HCT-15 cells.

Carraro et al. eLife 2022;11:e78012. DOI: https://doi.org/10.7554/eLife.78012

22 of 26



ELlfe Research article Computational and Systems Biology

signature construction . UP and DOWN 50 signature down
integrated modules with high signature enrichment (GSVA) © signature up
difference in regulation between basal transcriptomes all DE
cell lines after treatment with M 40
=
sensitivity score °
key ) ) s 30 YOD1
vCoCena HPA (Cell Atlas): cell lines = FDFT1
modules
baseline '6 20 ERCC6
DE genes method o
BXPC-3 vs HCT-15 validation 1 FABP5 >
101ADNP2 HSPAS
pEloenesibenvesliieltvg +  TCGA: tumor samples HERPUDT_
untreated cell lines 3 X . 0 STUBT
log2FC threshold=1, padj < 0.01 identify susceptible tumor types
-10 0 10
c D log2(FoldChange)
100
A549
o median
[ (cancer type)
o 75 o
» o
© 7]
s 2
g £ 00-|- _1_1_|. median
'; 50 = (all samples)
= c
2 HEK 203 p=0039 %
> 25
-0.4 -0.2 0.0 0.2 Al 6 nS‘ ( O Aok > 6‘ {4 O 4
it OIS ’VO”O” O o
sensitivity score cancer type
data labeling train&test the model 0.50 cancer type
i i labeled TCGA sampl R:0.97 2| . como o ov
assign continuous label abele samples RMSE: 0.069_£5 ‘0? e READ e LIHC
(sensitivity score) to TCGA [ g 0.25 e CESC o ERCA
samples B e e UCEC e THCA
§§ e % #cx0 training set  test set s e PRAD ¢ LUAD
Lle 0.4 —~ — -0.25 ° e STAD KIRP
I If:, o e TGCT © GBM
= %9 ~0.50 L4 e HNSC PAAD
T NS -050 -025 0.00 0.25 050 © ELCS*‘(‘: KIRG
LASSO actual
GAMG
ooreta : median
40 X & 0.5- (cancer type)
e
9
o
—_ a
= >
= 201 "og 5 S 00-A-k &+ 8-0-8-B-8® e median
8 - 'é (all samples)
)
0 2 1 ® _os-
=20 et n S8 2 Codinle frmSule n QL S
)* X, e (RLIN® k
05 00 05 10 °4<§4o"\'/°1" &0y O& @6‘ S 4_%‘"&0 & ’90/?404790/\
sensitivity score cancer type

Figure 6. Perturbation-informed basal signatures efficiently predict sensitivity to our candidate drugs. (A) Overview
of the applied workflow for the sensitivity signature construction and associated drug susceptibility prediction.

(B) M sensitivity signature genes (red = signature up and blue = signature down) pinpointed from all differential
expression (DE) genes in the BXxPC-3 vs HCT-15 baseline comparison. (C) Pearson correlation between predicted
sensitivity score and viability decrease in a subset of human protein atlas (HPA) (cell atlas) cell lines (validation set).
(D) Sensitivity scores predicted from gene set variation analysis (GSVA) enrichment of our up and down signatures
in RNA-seq profiles of TCGA tumor samples. Median values for all sample scores and within each tumor type

are reported. (E) Overview of the applied workflow for the LASSO-based ML setup. (F) Predictive outcome of the
trained model (Pearson correlation R and RMSE (root-mean-square error) are reported). (G) Pearson correlation
between predicted cisplatin sensitivity score and ICy; in a subset of HPA (cell atlas) cell lines (validation set).

(H) Cisplatin sensitivity scores predicted from GSVA enrichment of our up and down signatures in RNA-seq profiles
of TCGA tumor samples. Median values for all sample scores and within each tumor type are reported.
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Figure 6—figure supplement 1. Perturbation-informed basal signatures efficiently predict sensitivity to our candidate drugs—supporting data.

(A) Scheme of the applied workflow for the sensitivity signature construction and associated drug susceptibility prediction. (B) Representative gene
ontology (GO) terms (p<0.05) for genes of the M sensitivity signature (up and down), identified by gene set enrichment analysis (GSEA). Enrichments
in terms of count and p-value are reported. (C) Human protein atlas (HPA) (cell atlas) cell lines separation based on gene set variation analysis (GSVA)

Figure 6—figure supplement 1 continued on next page
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Figure 6—figure supplement 1 continued

enrichment of our newly constructed up vs down signatures of sensitivity to M. Color scale reflects samples predicted sensitivity score (up signature
enrichment - down signature enrichment). (D) Pearson correlation between predicted sensitivity score and viability decrease in a subset of HPA (cell
atlas) cell lines (validation set) using a random signature. (E) Pearson correlation between predicted sensitivity score and viability decrease in a subset
of HPA (cell atlas) cell lines (validation set) using a control signature composed by differential expression (DE) genes with top up and down log,FC.

(F) Predictive performance after the exclusion of genes belonging to our signature from training and test set transcriptomes (Pearson correlation R and
RMSE are reported).
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Figure 6—figure supplement 2. Validation analysis on cisplatin sensitivity confirms the versatility of the pipeline. (A) Predicting performance of our
model on tumor-specific subtypes (Pearson'’s correlation and RMSE are reported). (B) RNA-seq principal component analysis (PCA) (PCs 1 vs 2 and 2
vs 3) for the cisplatin dataset. (C) ATAC-seq PCA (PCs 1 vs 2 and 2 vs 3) for the cisplatin dataset. (D) Identified number of differential expression (DE)
and differentially accessible regions (DARs) in all comparisons for the cisplatin datasets using parameters described in Methods section. (E) Crosswise
integrated cisplatin vertical construction of co-expression network analysis (vCoCena) network.

Carraro et al. eLife 2022;11:e78012. DOI: https://doi.org/10.7554/eLife.78012

26 of 26



