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a Department of Medicine, Università degli Studi di Udine, Institute for Biomedicine, P.le Kolbe 4, Udine 33100, Italy 
b Eurac Research, Institute for Biomedicine, Via Alessandro Volta 21, Bolzano 39100, Italy 
c General Surgery Clinic and Liver Transplant Center, University-Hospital of Udine, Udine, Italy   

A R T I C L E  I N F O   

Keywords: 
BCL2 
Apoptosis 
HDAC 
TP53 
MHC 

A B S T R A C T   

Here we present the generation and characterization of patient-derived organoids (PDOs) from colorectal cancer 
patients. PDOs derived from two patients with TP53 mutations were tested with two different HDAC inhibitors 
(SAHA and NKL54). Cell death induction, transcriptome, and chromatin accessibility changes were analyzed. 
HDACIs promote the upregulation of low expressed genes and the downregulation of highly expressed genes. A 
similar differential effect is observed at the level of chromatin accessibility. Only SAHA is a potent inducer of cell 
death, which is characterized by the upregulation of BH3-only genes BIK and BMF. Up-regulation of BIK is 
associated with increased accessibility in an intronic region that has enhancer properties. SAHA, but not NKL54, 
also causes downregulation of BCL2L1 and decreases chromatin accessibility in three distinct regions of the 
BCL2L1 locus. Both inhibitors upregulate the expression of innate immunity genes and members of the MHC 
family. In summary, our exploratory study indicates a mechanism of action for SAHA and demonstrate the low 
efficacy of NKL54 as a single agent for apoptosis induction, using two PDOs. These observations need to be 
validated in a larger cohort of PDOs.   

1. Introduction 

Cancers are complex entities composed of communities of different 
cell types. Cancer cells and cancer-associated cells are under the influ-
ence of the microenvironment and live in a three-dimensional (3D) tis-
sue architecture [1]. Further complexity arises from the heterogeneity of 
cancer cells in terms of different genetically defined subpopulations that 
can dynamically expand or contract depending on the microenviron-
ment and therapeutic interventions [2,3]. 

Colorectal cancer (CRC) is one of the most common malignancies, 

accounting for 10% of cancers diagnosed annually, and is the second 
leading cause of cancer-related deaths worldwide [4]. In early stages, 
standard therapy is surgery, and in advanced cases, adjuvant chemo-
therapy. Commonly used chemotherapeutic agents in CRC are 5-fluoro-
uracil, oxaliplatin or irinotecan [5]. Unfortunately, approximately 
30–50% of CRC patients relapse and die from the disease [4,6]. There-
fore, validation of new therapeutic approaches for advanced CRC is 
urgently needed. 

In recent years, culturing CRC cells derived from patients as orga-
noids exhibiting a 3D epithelial structure compared to two-dimensional 
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(2D) cell lines has provided better preclinical models to study the effects 
of drug treatments and to increase our knowledge of the tumorigenesis 
process. Furthermore, patient-derived organoids (PDOs) are seen as 
promising tools for drug sensitivity testing and personalized medicine 
[7–11]. 

Non-mutational genome reprogramming, achieved by epigenetic 
changes, is an important hallmark of cancer. Epigenetic reprogramming 
can also modulate the microenvironment [1]. Of particular interest is 
the possibility of reversing epigenetic reprogramming by selected in-
hibitors [12,13]. 

HDACs are important players in epigenetic reprogramming. In 
humans, HDACs comprise 18 different members belonging to different 
families and subfamilies [14]. The zinc-dependent HDACs have been 
intensively studied for the possibility of developing selective inhibitors 
[15]. HDACIs represent a heterogeneous class of molecules. 
First-generation HDACIs target the catalytic site without selectivity, 
whereas second-generation HDACIs can discriminate between different 
family members [16,17]. 

Much of our knowledge about the efficacy of HDACIs and the cellular 
responses they elicit comes from cancer cell lines studied in 2D culture 
models. Unfortunately, with few exceptions, the promising efficacy in 
preclinical models has not been confirmed by clinical studies [15,18]. Of 
current interest is the evaluation of HDACIs as part of combinatory 
regimens [15,19]. In preclinical models, the efficacy of epigenetic 
therapy based on HDACIs in affecting the action of immune cells, has 
been demonstrated even in the case of metastasis [20,21]. 

In the present manuscript, we describe the generation of PDOs from 
various CRC patients and characterize their mutational burden. Next, we 
used PDOs from patients with advanced CRC carrying TP53 mutations to 
compare a nonselective (SAHA) and a selective (NKL54) class I HDAC 
inhibitor in terms of antiproliferative effect, genomic reorganization, 
and transcriptomic adaptations. 

2. Materials and methods 

2.1. Human tissues 

Tissues were obtained from the struttura organizzativa complessa of 
Surgery at the University Hospital “Santa Maria della Misericordia” 
(Udine, Italy). After surgical removal, a portion of each colon tumor and 
the adjacent normal tissue was immediately frozen for storage and 
further uses. In parallel, a portion of the cancer tissue was used to pre-
pare PDOs. This study was approved by the Comitato Etico Unico 
Regionale, (ID 3227–22/05/2020). The informed consent was obtained 
before sample collection. The tissue acquisition was accomplished dur-
ing 2021–22. This study was performed in accordance with the Decla-
ration of Helsinki. 

2.2. Establishment of patient-derived organoids 

Tissues from surgery were washed gently with cold 1X PBS for at 
least 3 times and were mechanically cut into ~0.5 × 1–1 × 1 mm3 pieces 
using a sterile surgical blade in a 100 mm petri dish (Sarstedt). At least 2 
pieces of the samples were immediately frozen in liquid nitrogen for 
further analysis. The remaining pieces were then suspended in DMEM/ 
F12 medium containing 0.05 mg/ml Liberase TM (Roche) and 10 μM Y- 
27632 (Sigma) and 100 µg/ml Primocin (InVivoGen). Incubation with 
enzymes was performed in orbital shaker-incubator at 37◦C for 15 mi-
nutes. After digestion, dissociated tissues were passed through a 40-μm 
cell strainer (Corning). Cell suspension was then centrifuged at 400 g for 
5 min at 4◦C and then re-suspended with BME (ultimatrix, biotechne) 
and seeded in 24-well plates (30 μL BME/well). The plates were then 
incubated for 20 minutes at 37◦C before adding DMEM/F12 advanced 
medium (DMEM/F12 (Gibco), 100 U/ml penicillin/streptomycin 
(Gibco), Primocin (InvivoGen), 2 mM GlutaMAX (Gibco), 1x B27 
(Gibco), 100 nM prostaglandin E2 (Tocris), 0.5 μg/ml R-spondin 

(Peprotech), 4 mM nicotinamide (Sigma), 10 nM gastrin I (Sigma), 
50 ng/ml EGF (Peprotech), 100 ng/ml Noggin (Peprotech)). Medium 
was changed every 3 days. 

2.3. Organoids drug treatments and proliferative analysis 

Cell viability was evaluated by the 3D Cell Titer GLO (Promega) 
following manufacturer instruction. Cells were seeding 2 × 104 cells/ 
well in 10 µl of BME, in 96-well black plates (Sarstedt) as previously 
described [22] and treated with the indicated compounds for the indi-
cated time points. Control cells were treated with vehicle alone (0.1% 
DMSO). After incubation, the revealing solution was added, and the 
luminescent output (relative luminescence units, RLU) was recorded 
using the Modulus plate reader (Promega). Results are expressed as 
mean value ± standard error of the mean (SEM) percent relative light 
units (RLU) vs. vehicle-treated control cells from 3 independent exper-
iments in 6 replicates. 

2.4. Lipophilic tracer staining and confocal microscopy 

DiOC6(3) (Thermofisher) was added to 106 cells in serum-free me-
dium to a final concertation of 1 μM. Cells were then incubated at 37◦C 
for 1 h and centrifuged for 5 minutes at 300xg and washed twice with 
PBS. Finally, cells were resuspended in fresh complete medium and used 
for further assays. Organoids stained with lipophilic tracer and treated 
with indicated compounds were imaged using a 20X objective, SP8 Leica 
microscope (Leica Microsystems), equipped with a stage top incubator 
controlling temperature, CO2 and humidity (Okolab), every 60 minutes 
for 72 hours. Image analysis was performed using the Leica Acquired 
Software X (LASX). Fluorescence intensity/time ratio was calculated 
after drawing a region around the PDO (region of interest; ROI) and 
measuring its mean fluorescence Intensity (PDOMIF). The fluorescence of 
the background (BACMIF), which is from another ROI located in a non- 
fluorescent region, was subtracted from the PDOMIF and the obtained 
value was multiplied by the area of the PDO. 

For immunofluorescence PDOs were seeded in µ-Slide 8 Well Glass 
Bottom (#80807, Ibidi), and allowed to settle and grow for 72 hours. 
PDOs were then fixed with 3% paraformaldehyde, permeabilized with 
0.2% Triton X-100 and blocked with 0.1% BSA. After blocking, primary 
antibodies (E-Cadherin, Ki-67, Cell Signalling) were added to the wells. 
Cells were then incubated with secondary antibodies (Alexa Fluor 488 or 
Alexa Fluor 546, Thermofisher), Hoechst and Phalloidin 546 (Thermo-
fisher). Afterwards slides were imaged using SP8 Leica microscope. 

2.5. Caspase assay 

The caspase activity was evaluated using the Apo-ONE caspase-3/7 
homogeneous assay (Promega). Briefly, organoids were seeded as 
described above, and treated with the indicated compounds for 24 or 
48 hours. Control cells were treated with vehicle alone (0.1% DMSO). 
Results are expressed as mean value ± SEM percent RLU vs. vehicle- 
treated control cells from three independent experiments in three 
replicates. 

2.6. HDAC assay 

HDAC activity was measured using HDAC GLO I/II assay (Promega), 
following manufacturer instruction as previously describe [23]. Briefly, 
organoids were seeded in 96 well plates as described above. Samples 
were treated with increasing concentration of HDACs inhibitors for 
6 hours. After incubation time, 50 µl of working solution, containing 
HDAC-Glo buffer and substrate, was added to each well. The plate was 
then incubated at room temperature for 45 minutes, and then read using 
modulus microplate reader (Promega). Results are expressed as mean 
value ± SEM percent RLU vs. vehicle-treated control cells from three 
independent experiments in 2 replicates. 
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2.7. Genomic analysis 

Genomic DNA was extracted from organoids, tumors, and adjacent 
normal tissues using DNA Investigator kit (Qiagen). DNA concentration 
and quality was evaluated using capillary electrophoresis on Bio-
analyzer (Agilent). Whole-exome sequencing (WES) was performed 
using the Illumina Novaseq platform (GENEWIZ). We used the FastQC 
tool (v0.11.8) (https://www.bioinformatics.babraham.ac.uk/projects/f 
astqc) to evaluate the quality of fastq files and summarized the output 
with multiQC (ver1.4) [24]. We used the Burrows-Wheeler Aligner 
(BWA) to align reads to the NCBI GRCh38 human genome reference 
assembly. We used Samtools [25] and Picard (https://broadinstitute. 
github.io/picard) for data conversion, indexing and manipulation. We 
called somatic single nucleotide variants (SNVs), insertions and de-
letions (indels) through local assembly of haplotypes as per the GATK 
somatic short mutation calling best practice workflow (https://gatk.br 
oadinstitute.org/hc/en-us/articles/360035531132), using the Mutect2 
method [26] on paired tumor/normal samples and applying the rec-
ommended settings. We annotated the variants that passed the filtering 
steps using the ANNOVAR software tool. Specifically, we retained those 
deemed deleterious according to SIFT or CLINVAR and those with an 
undefined role that were non-synonymous and mapped to gene exons, 
splicing junctions or UTRs. Finally, we used bcftools to extract variant 
statistics and plot the summarized results [27]. Non-synonymous so-
matic mutations were defined as follows: firstly, we selected the muta-
tions that appeared within the consensus coding sequence region 
designed by the CDS project; secondly, we removed variants with 
variant count <3, allele frequency <5% or total depth <25; lastly, we 
filtered out synonymous and splice region mutations, retaining only 
non-synonymous mutations (missense, nonsense, insertions and de-
letions mutations). We filtered VCF files to exclude silent variants or 
variants called in introns. MutationalPatterns (v3.10) was used to gather 
and plot point mutation frequencies [28]. 

2.8. RNA extraction and RNA-seq analysis 

Total RNA was extracted from the organoids treated with the two 
HDACIs using PureLink RNA Mini Kit (Invitrogen) following the man-
ufacturer’s instructions. RNA concentration and quality was evaluated 
using capillary electrophoresis on Bioanalyzer (Agilent). cDNA libraries 
were generated from poly(A) selected RNA and 150 bp paired end 
sequencing was performed by Biodiversa (Treviso, Italy). Data analysis 
was carried out as previously described [23]. Briefly, (FastQC (v0.11.9) 
and MultiQC (v1.14) were used to inspect raw reads, all samples passed 
the quality controls. Illumina universal adapters were removed with 
fastx_clipper from FastQC. Transcripts were quantified with salmon 
(v1.4.0) on human transcriptome GRCh38. Transcript quantifications 
were summarized at the gene level after being imported into the R sta-
tistical language (v4.3) through Bioconductor (v3.17) package tximeta 
(v1.18.1) [29]. Principal component analysis on the 5000 most variable 
genes was run with the plotPCA function from the DESeq2 package 
(v1.40.2). We removed genes with raw counts mean <10 between each 
condition replicates from the analysis. Differential expression analysis 
was performed using DESeq2 with Wald test for significance. Adjust-
ment for multiple hypothesis testing was carried out by 
Benjamini-Hochberg correction at a false discovery rate (FDR) of 0.05. 
Genes reported significantly by DESeq2 with an absolute log2 (fold 
change) > 1 were considered as differentially expressed. The packages 
AnnotationHub (v3.8.0) and ensembldb (v2.24.0) were used to annotate 
genes with Ensembl annotation version 107 [30]. Functional annotation 
was performed on KEGG, Reactome and Gene Ontology databases with 
ClusterProfiler (v4.8.3) and ReactomePA (v1.44.0), respectively [31]. 
GO term and pathway analysis results are reported at a significance level 
of 0.05 (p value). 

2.9. ATAC-seq and analysis 

Organoids were treated with NKL54 10 µM, SAHA 5 µM, and vehicle 
only (DMSO). After 6 hours of treatment cells were collected and 
counted. At least 1 million of live cells for each condition were frozen in 
FBS 10% DMSO and shipped in dry ice to Biodiversa (Treviso, Italy) to 
perform ATACseq. Data were analyzed using the Nextflow (v21.10.4) nf- 
core atacseq pipeline (v1.2.1) for the preliminary steps, alignment on 
GRCh38 and peak calling [32]. Peaks called by MACS2 (v2.2.7.1) within 
the nf-core pipeline, were loaded in R and normalized using the library 
size as reads in peaks (libRiP) normalization within DiffBind. The 
normalization factors for each sample were used in deepTools, bamCo-
verage to produce bigwig files for computeMatrix and plotHeatmap in 
order to plot the ATAC reads distribution on the trascriptional start sites 
of all genes [33]. Clustering was done by plotHeatmap kmeans based on 
the control samples only. Differentially enriched regions were calculated 
starting from a list of 64856 consensus peaks obtained by a minimum 
overlap of 2 between all samples. All SAHA against all control samples 
were compared by DiffBind with DESeq2 method, regions were 
considered differential with FDR < 0.05. Differentially enriched regions 
were annotated with ChIPseeker (v1.36.0) on hg38 genomic regions 
[34]. Motifs enrichment analysis was run on enriched or depleted re-
gions with SEA (online, v5.5.4) of the MEME suite using shuffled input 
sequences as background, on JASPAR Vertebrates and UniPROBE Mouse 
databases [35]. Transcription factor binding motifs in single ATAC peaks 
were searched with Motif Occurrence Detection Suite (MOODS) (v1.9.4) 
with p value threshold of 10− 7 on the JASPAR core matrices [36]. 

2.10. Statistical analysis 

Comparison of biological assays was performed using one-way 
Anova and Tukey’s multiple comparisons tests. Data were analyzed 
using GraphPad (Prism v-9.0) and results reported with P values <0.05 
were considered significant (*). 

3. Results 

3.1. Genomic characterization of CRC and CRC-derived organoids 

PDOs were derived from surgically resected tissue from untreated 
CRC patients (Fig. 1A, Table S1). Genomic DNA was isolated from the 
tumor and corresponding normal tissue and subjected to whole-exome 
sequencing (WES) to characterize the different patients for tumor- 
specific patterns of somatic mutations. The tumors were from 4 
different patients (P10, P13, P19 and P71). As previously reported for 
CRC [7], C-to-T transitions were the most common mutations (Fig. 1B). 
Next, we analyzed the pattern of somatic mutations in the different 
patients. We selected two different gene groups to represent the muta-
tion status using a heatmap: i) the most frequently mutated genes in CRC 
(n = 614), including genes with a mutation frequency of up to 5.6% in 
CRC as reported by TCGA (Table S2), and ii) the most frequently 
mutated cancer genes (CG, n = 636), consisting of driver genes with a 
mutation frequency of up to 1.7%, as reported by TCGA (Table S2). 
There exists a small overlap between the two gene sets. 

Analysis of somatic mutations in the CRC genes shows that each 
patient has a unique mutation pattern (Fig. 1C and Table S3), with 
missense mutations being the most common. APC is mutated in all pa-
tients, TP53 is mutated in P19 and P71 (p.Q192* and p.C135F, respec-
tively), while KRAS is mutated in P10 and P71 (respectively p.G13D and 
p.G12D). Notably, both TP53 mutations are relatively rare in CRC (http 
s://tp53.isb-cgc.org/search_gene_by_var). 

Analysis of the CG mutations also revealed a specific mutation 
pattern in each patient, with different proto-oncogenes and tumor sup-
pressors involved (Fig. 1D, Table S3). Interestingly, the different 
mutated CGs are representative of common gene ontology categories, 
specifically receptor tyrosine kinase signaling, transcription, and 
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chromatin regulation. 
To avoid competition between normal organoids and tumor orga-

noids, cultures were established in the absence of WNT factors and 
RSPO1. Under this condition, the expansion of cells carrying mutations 
in APC or other alterations supporting the WNT signaling pathway is 
favored [7]. We obtained organoids from P13, P19, and P71. We have 
never observed the growth of cells from P10. WES was performed for 
these 3 PDOs. The cultured PDOs from P13 and P19 had the same mu-
tation pattern for the cancer driver genes (CG) as the primary tumors 
(Fig. 1E, Table S3). This stability was confirmed when the analysis was 
extended to the CRC genes (Fig. 1F, Table S3). In contrast, PDOs from 

P71 feature the appearance of new mutations in CGs (Fig. 1E, Table S3), 
a condition that was confirmed by analysis of the CRC genes (Fig. 1F, 
Table S3). 

To monitor the evolution of the mutational load in PDOs of P71, WES 
was also performed after 16 passages in culture (late passages). Analysis 
of the mutation status of the CG and CRC genes confirmed the tendency 
for new mutations to accumulate (Table S3). The appearance of new 
mutations could be due to Darwinian selection of certain subclones 
during the culture of PDOs. These subclones could already have been 
present in the original tumor. In addition, the growth of PDOs in culture 
could contribute to the acquisition of new mutations [37]. To address 

Fig. 1. Definition of the mutational status of CRC patients and of derived PDOs. A. Workflow of the procedure to establish PDOs from CRC patients. Tumors and 
adjacent normal tissues were also isolated to purify DNA and to establish the mutational status. For patient characteristics, see Table S1. B. Bar plot representing the 
number of single nucleotides substitution and small insertions and deletions (indels) detected in the four CRC patients. C. Heatmap showing the mutation status of the 
614 most frequently mutated CRC genes in the four tumor patients compared to the matched normal tissues. D. Heatmap showing the mutation status of the 636 most 
frequently mutated cancer driver genes (CGs) in the four patients compared to the matched normal tissues. E. Heatmap showing the mutation status of the 636 most 
frequently mutated cancer driver genes (CGs) in the 3 PDOs compared to the matched original tumor. For POD71 WES was also performed after 16 passages in 
culture. F. Heatmap showing the mutation status of the 614 most frequently mutated CRC genes in the 3 PDOs compared to the matched original tumor. For POD71 
WES was additionally performed after several passages in culture (n=16). G. Heatmap showing the allele frequency (AF) of mutations in the indicated drivers CGs in 
tumor of patient P71 the relative PDO, at early and late passages with respect to the matched normal tissue. APC (in red) was used as a reference, H. Heatmap 
showing the allele frequency of mutations in the indicated drivers CRC genes in tumor of patient P71 the relative PDO, at early and late passages with respect to the 
matched normal tissue. APC (in red) was used as a reference, Only mutated genes are shown. For CGs oncogenes are in red, tumor suppressors in blue. Undefined 
roles are in gray. The main gene function is described. 

T. Gagliano et al.                                                                                                                                                                                                                               



Biomedicine & Pharmacotherapy 173 (2024) 116374

5

these possibilities, we analyzed the frequency of mutations in tumor and 
PDOs at early and late passages for both the CG (Fig. 1G, Tables S3 and 
S4) and CRC genes (Fig. 1H, Tables S3 and S4). Mutation frequency of 
APC, used as a reference, increases during culturing of PDOs, indicating 
positive selection for cancer cells, as expected from the culture condi-
tions. For some driver mutations, the frequency increases from early to 
late passages (HIRA, LZTR1, APLNR), while others disappear (BCL9, 
CACNA1D, FAT4). This analysis suggests that subclone selection is an 
important source of mutation consolidation, but we cannot exclude the 
possibility that the growth of PDOs in culture favors the appearance of 
some new mutations. 

3.2. Evaluation of different HDAC inhibitors on the growth of CRC 
organoids 

PDOs are useful tools for screening effective drug treatments in 
relation to the specific mutation status of patients. TP53 mutations are 
associated with lower efficacy of classical chemotherapeutic treatments 
and lower overall survival of CRC patients [38–40]. Therefore, the PDOs 
of P19 and P71 carrying TP53 mutations were further investigated to 
evaluate alternative drug treatments. 

These two PDOs are characterized by different morphologies. PDO19 
exhibit smooth margins and a compact morphology, whereas aggregated 
shapes are more common in PDO71, often resulting in irregular margins 
(Fig. 2A). 

Confocal images and F-actin staining showed that both PDOs main-
tain an epithelial structure with a lumen and normal polarity [41]. Both 
PDOs are characterized by a high percentage of cycling cells, as evi-
denced by the Ki67-positive cells (Fig. 2B). The percentage of 
Ki67-positive cells was similar in both PDOs (Fig. 2C). 

HDACIs are used in the clinic for certain hematologic malignancies, 
but they show low efficacy in solid tumors [15]. However, their use in 
combination with other drugs or treatments could provide additional 
therapeutic benefits in a rational design and is currently under investi-
gation [42–45]. Furthermore, after the initial discovery of pan-HDACIs, 
more selective subclass-specific inhibitors have been developed [15]. 
Here, we compared, as single agents, the activity of a nonselective 
HDACIs such as SAHA/vorinostat, which also has additional targets [46] 
and of the HDAC1/2/3 specific inhibitor, NKL54 [23]. 

To examine the effect of the two HDACIs, at the level of growth of 
individual PDOs, we used time-lapse confocal microscopy. To monitor 
cell growth/survival, we used the cationic dye DiOC6(3), which accu-
mulates in mitochondria due to mitochondrial membrane potential but 
also stains intracellular membranes of the endoplasmic reticulum [47]. 
Subsequently, individual PDOs were observed over time by confocal 
microscopy and fluorescence intensity was measured (Fig. 2D). Un-
treated PDOs show a heterogeneous pattern of fluorescence intensity 
over time. In some PDOs, fluorescence increases sharply (especially in 
PDO71), possibly indicating strong cell proliferation. Other PDOs show 
constant fluorescence or a slight decrease. We initially used a concen-
tration of the two HDACIs derived from previous studies in 2D cultures 
[23] and verified in CRC cell lines (Fig. S1). In the presence of SAHA, the 
fluorescence of PDOs gradually decreases in several organoids, possibly 
indicating the occurrence of some cell death. In fact, membrane 
disruption causes le loss of fluorescence. In the presence of NKL54, the 
fluorescence of PDOs does not increase excessively, but they also do not 
show a dramatic decrease in DiOC6(3) staining, ruling out the induction 
of overt cell death. 

To better demonstrate the differential effect of SAHA and NKL54 on 
PDOs viability, we used a luminescence assay to measure PDOs viability. 
Dose-dependent studies showed that SAHA strongly affected PDOs 
viability in both patients, whereas NKL54 was relatively ineffective 
(Fig. 2E). 

Because HDACIs are known to induce apoptosis, the activities of the 
executor caspases (caspase-3 and caspase-7) were examined using the 
DEVDase assay. Analysis was performed at 24 and 48 hours (Fig. 2F). 

SAHA induced caspase activity in PDOs of both patients to a high extent, 
with higher levels at 24 hours after treatment. As expected, NKL54 
hardly induced caspase activation. 

The profound difference exerted by the two inhibitors on PDOs 
survival might be due to the different efficacy of inhibition of the 
different HDACs expressed in PDOs. Therefore, we decided to directly 
compare the inhibitory effects of SAHA and NKL54 in PDOs. Dose- 
dependent studies demonstrated that SAHA inhibits the activities of 
class I and IIb HDACs to a high extent (Fig. 2G). In contrast, NKL54 only 
modestly inhibits class I and IIb HDACs activities. Therefore, the 
different effect of the two inhibitors on the two PDOs survival might 
depend on the different potency of inhibition or the different pattern of 
inhibited HDACs. 

3.3. Transcriptomic adaptations in PDOs after SAHA and NKL54 
treatments 

To investigate the cellular responses induced by the two HDACIs in 
the two PDOs, RNA-seq experiments were performed. The two PDOs 
were treated with 5 µM SAHA or with 10 µM NKL54 for 6 hours. Prin-
cipal component analysis (PCA) shows the high reproducibility of the 
three biological replicates (Fig. S2A). The two PDOs are characterized by 
a different transcriptomic profile. In addition, PCA reveals that NKL54 is 
very similar to DMSO-treated PDOs, suggesting a weak effect on gene 
expression. We next analyzed the expression levels of the different zinc- 
dependent HDACs between the two patients (Fig. 3A). In class I, HDAC1 
and HDAC2 are the most highly expressed. In class IIa, HDAC7 shows the 
highest amount of mRNA copies. Class IIb HDAC6 and HDAC10 are 
expressed at similar levels. Overall, the pattern of zinc-dependent 
HDACs expression is similar among the two PDOs. 

Previous studies have shown that HDACIs cause upregulation of 
weakly expressed genes and downregulation of highly expressed genes, 
as part of a compensatory effect [23,48]. Analysis of gene expression in 
TPM (transcript per million) confirmed that SAHA and NKL54 similarly 
affect the expression of low- and high-abundance mRNAs in both PDOs 
(Fig. 3B). 

We next analyzed differentially expressed genes (DEGs) in response 
to HDACIs in the two PDOs. Genes that are upregulated in response to 
SAHA are the same in a high percentage in both PDOs (72% in PDO19 
and 80% for PDO71) (Fig. 3C, top). In contrast, a much smaller number 
of genes is upregulated by NKL54 compared to SAHA, and these genes 
are largely distinct between the two PDOs (only 43% and 51% for 
PDO19 and PDO71, respectively) (Fig. 3C, bottom, Table S5). A similar 
trend was observed for the downregulated genes (Fig. S2B, Table S5). 

We next analyzed the correlations between the two inhibitors. 
Several genes upregulated by NKL54 are identical to SAHA (62% for 
PDO19 and 57% for PDO71). In general, only a few genes are down-
regulated by NKL54 in both patients, and only a few of them are in 
common with SAHA (Figure S2C). 

Among class I HDACs, HDAC1, 2, and 3 are more efficiently inhibited 
by NKL54 [23]. Therefore, among the genes upregulated by both SAHA 
and NKL54, the targets of these HDACs should be found as common 
regulated genes. We have shown that NKL54 is much less effective in 
inhibiting HDAC activities in PDOs compared to SAHA (Fig. 2G). 
Consequently, and confirming this observation, we should see less 
upregulation of these common genes in PDOs treated with NKL54 than 
in SAHA. Fig. 3E shows that these common genes are indeed more 
upregulated in the presence of SAHA. The plots in Figs. 3F and S2D 
confirm that the levels of mRNAs upregulated by both SAHA and NKL54 
(pink dots) are much higher in PDOs treated with SAHA, with few 
exceptions. 

These data confirm that NKL54 is a less potent inhibitor of HDAC1/ 
2/3 compared to SAHA in the two PDOs analyzed. 
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3.4. Genes and pathways induced by SAHA and NKL54 in PDOs 

Gene set analysis (GSA) was applied to elucidate the pathways and 
functions of genes upregulated by the two HDACIs. First, we analyzed 
the core of common genes, considering the two HDACIs and the two 
PDOs as duplicates (Fig. S3E, Table S5). These genes are enriched in 
categories related to neurogenesis and adhesion (Fig. 3G, Table S6), as 
observed in other transcriptomic characterizations of cellular responses 
to HDACIs [23,49,50]. 

Subsequently, the genes upregulated by each inhibitor in each PDOs 
were analyzed independently. SAHA elicited similar responses in both 
PDOs, with the microtubule dynamics and axoneme organization cate-
gories being the most enriched (Fig. 3H, Table S7 and S8). A different 
scenario is observed for NKL54. In PDO19, the most enriched category is 
related to the immune response, with genes of the class II major histo-
compatibility complex (MHC) (Fig. 3I, Table S9). In contrast, genes of 
the innate immune system category are the most enriched in PDO71 
(Table S10). 

In summary, SAHA and NKL54 differ in terms of effects on gene 
transcription and SAHA elicits almost homogeneous responses in the 
two PDOs, whereas patient-specific effects predominate in NKL54. 

3.5. Cell cycle and apoptotic genes are differentially affected by SAHA 
and NKL54 

One of the main differences between SAHA and NKL54 is the effect 
on cell survival and proliferation profile of PDOs. It is known that 
HDACIs can promote the expression of cyclin-dependent kinase in-
hibitors (CDKIs), particularly CDKN1A, and BH3-only pro-apoptotic 
members of the BCL2 family [51,52] 

Therefore, we first compared the effects of HDACIs on CDK in-
hibitors, with SAHA affecting multiple CDKIs (Fig. 4A). In addition to 
p21/CDKN1A, it also upregulates p15/INK4b/CDKN2B and p19/INK4D/ 
CDKN2D, as observed previously [53,54]. These effects were even more 
pronounced in PDO19. Surprisingly, NKL54 did not affect CDKN1A 
expression and only increased, albeit to a lesser extent, mRNA levels of 
p15/INK4b/CDKN2B. In contrast, mRNA levels of p27/KIP1/CDKN1B 
were reduced in both PDOs in response to both HDACIs. 

Even more striking was the differential effect of the two inhibitors on 
the expression of BCL2 family members (Fig. 4B). SAHA induced the 
upregulation of several BH3-only genes (BIM , BMF, and BIK) with a 
concomitant strong downregulation of the anti-apoptotic BCL2L1. 
Again, the effect was more pronounced in PDO19. The effect of NKL54 
was modest, leading only to a marked increase in BMF mRNA. 

3.6. Genes of the immune response are similarly influenced by SAHA and 
NKL54 

Overall, our studies suggest that the pan-HDACI SAHA has a potent 
inhibitory effect and stronger effects on gene expression than the class I 
inhibitor NKL54. However, it is interesting to note the induction of 
immune-related genes by NKL54, such as MHC class II genes (Fig. 3I). 
Indeed, HDACIs are currently being tested in clinical trials as potentia-
tors of the immune response. Previous studies have shown that HDACIs 

can upregulate the expression of members of the MHC II [55] and the 
enhancement of the anti-tumor activity of the immune system [56–58]. 
This inspired us to analyze the expression levels of HLA genes in detail. 

HLA-DMA and HLA-DMB were induced by both inhibitors, surpris-
ingly much stronger by NKL54, and the effect was patient-specific 
(Fig. 4C). HLA-DBO and HLA-DRB5 upregulation was specific for 
NKL54 in PDO19. In contrast, upregulation of HLA-DQB1 was restricted 
to SAHA, but both PDOs responded. To obtain a complete picture of HLA 
status, we extended the analysis to MHC class I genes (Fig. 4D). SAHA 
promoted the upregulation of HLA-B, HLA-F and of the HLA-related 
MICA, only suppressing the expression of HLA-H. NKL54, apart from 
HLA-F, was much less effective compared with SAHA. These results and 
the patient-specific responses should be validated in a larger cohort of 
PDOs. 

GSA showed that innate immunity genes were also upregulated in 
response to NKL54 (Fig. 3I). Therefore, to better clarify these aspects, 
the expression levels of enriched genes belonging to the Reactome 
category “diseases of the immune system” (Table S9) were analyzed in 
more detail (Fig. 4E). Some of these genes are upregulated in response to 
the two inhibitors in both PDOs (CD14, FGA, FGB), but TLRs responded 
stronger to treatment with NKL54, demonstrating another difference 
between the two inhibitors. 

In the colon, class II MHC molecules are mainly expressed by pro-
fessional antigen-presenting cells (APCs) such as dendritic cells, mac-
rophages, and B cells, but also by nonprofessional APCs such as 
epithelial and mesenchymal cells [59]. The upregulation of certain MHC 
class II genes prompted us to assess their overall expression levels. In the 
TPM (Transcripts per million) plot (Fig. 4F) we see that, except for 
HLA-DQB, HLA-DRB1 and HLA-DRB5, MHC II are very low-expressed 
genes. In contrast, MHC class I genes HLA-A and HLA-C are much 
more highly expressed (Fig. 4G) and belong to the category of moder-
ately highly expressed genes [60]. 

3.7. Analysis of chromatin accessibility in PDOs after SAHA and NKL54 
treatments 

Next, we analyzed the changes in chromatin accessibility, as induced 
by the two HDACIs in PDOs, using ATAC-seq. PCA shows good repro-
ducibility of the two biological replicates (Fig. S3A). As with the RNA- 
seq data, the differences between the two PDOs were more pro-
nounced with respect to the response to treatments. Since active tran-
scription start sites (TSS) are frequently found in open chromatin [61], 
we initially analyzed the ATAC-seq signals at TSS. Four different clusters 
can be recognized based on the intensity and the spreading of the 
ATAC-seq signal around the TSS. Cluster 1 is characterized by highly 
accessible chromatin (Fig. 5A). Within this category we found 2176 
genes and some of them are highly expressed (Fig. 5B). The most 
enriched GO categories are protein folding and chaperons (Table S11). 
Cluster 2 groups TSS that show a more diffuse ATAC-seq signal around 
the TSS. Here the most enriched GO categories are ribonucleoprotein 
complex biogenesis and mitochondrial matrix (Table S12). Cluster 3 
resemble cluster 1 although the ATAC-seq signals are less intense and 
accordingly genes are, on average, less expressed. The most enriched GO 
categories are cell adhesion and histone modification (Table S13). 

Fig. 2. Effects of HDACIs on PDO19 and PDO71 proliferation and apoptosis. A. Brightfield images of PD019 and PDO71 acquired with confocal microscope. B. 
PDO19 and PDO71 stained with Hoechst (blue, nuclei) Ki67 (magenta) and actin (green). C. Percentage of Ki67 positive nuclei/PDOs. D. 72 hours time-lapse analysis 
of relative fluorescence of PDO19 and PDO71 treated with vehicle only, SAHA 5 µM or NKL54 10 µM. Each line represents a single organoid. Cells were labelled with 
the DiOC6(3) at a concentration (1 µM), that allow the staining of the endoplasmic reticulum [93]. Fluorescence intensity is directly correlated with cell viability, 
decreasing in cell viability results in lower fluorescence intensity, E. Cell viability of PDO19 and PDO71 was measured after 72 hours of treatment with increasing 
dose of SAHA ore NKL54. Significance was calculated using one-way Anova and Tukey’s multiple comparisons tests. Results are expressed as mean +SD; ** P < 0.01, 
*** P < 0.001 vs vehicle treated cells. F. Caspase 3/7 activity of PDO19 and PDO71 treated with SAHA 5 µM or NKL54 10 µM measured after 24 and 48 hours. 
Significance was calculated using one-way Anova and Tukey’s multiple comparisons tests. Results are expressed as mean +SD; *P < 0.01, ** P < 0.0001, *** P <
0.001 vs vehicle treated cells. G. Class I and IIb HDACs activity was assess in PDO19 and PDO71 treated with increasing concentrations of SAHA and NLK54. 
Significance was calculated using one-way Anova and Tukey’s multiple comparisons tests. Results are expressed as mean +SD; *P < 0.01, ** P < 0.0001, *** P <
0.001 vs vehicle treated cells. 
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Finally, cluster 4 groups TSS with reduced chromatin accessibility, 
corresponding to genes that show the lowest level of expression (Fig. 5A 
and B) and comprise the GO categories olfactory receptor activity and 
intermediate filaments (Table S14). In the two PDOs analyzed, treat-
ment with the HDACIs does not provoke overt modifications in the 
distribution of clusters. 

Next, we analyzed the differentially accessible sites. This analysis 
was limited to SAHA treatment, since NKL54 treatment did not show 
evidence for differences compared to DMSO treated PDOs (Fig. S3B). 
Overall, 5843 peaks were differentially accessible after SAHA treatment 
of which 3193 were more and 2650 less accessible. The heatmap in  
Fig. 6A shows that increased accessibility, in response to SAHA, occurs 
in region poorly accessible, whereas reduced accessibility is observed 
mainly in region with more open chromatin. These results confirm the 
RNA-seq analysis, with a repression of abundantly expressed genes and 
an increase in low expressed genes, as the consequence of HDACs in-
hibition (Fig. 3B). A similar behavior is observed in the two PDOs. 

The genomic distribution of the ATAC-seq peaks was determined 
using ChIPseeker (Fig. 6B). In general, accessible regions in PDOs are 
mainly localized within gene bodies and promoters, as previously 
observed in other models [62–64]. The same genomic distribution is 
generally maintained in regions that show an increased accessibility 
after SAHA treatment. More specifically, we notice a redistribution of 
ATAC-seq signals within the promoter regions, with an enrichment of 
more distal regions from the TSS (Fig. 6B middle). In contrast, for 
genomic regions that have experienced a reduction in accessibility, we 
find more than half of the ATAC-seq signals in promoter regions (Fig. 6B 
right). 

Finally, we applied computational analysis to search for enriched 
motifs that could predict TFs binding within the differentially accessible 
regions regulated by SAHA. For the more accessible chromatin regions 
the highest enriched transcription factors (TF) motifs were CTCF 
(CCCTC-binding factor) and FOS-AP1 (Fig. 6C). The enrichment for 
CTCF insulator protein binding motifs indicates that SAHA could influ-
ence gene boundaries and enhancers activities [65,66] eventually 
remodeling the topology of chromatin domains. For the less accessible 
regions, binding sites for members of the Kruppel-like factors (KLFs) 
family of TFs were the most highly enriched motifs (Fig. 6C). 

3.8. Chromatin accessibility to pro-apoptotic and anti-apoptotic genes is 
differentially modulated by SAHA 

SAHA treatment efficiently induced apoptosis in the two PDOs with 
mutations in TP53, possibly by regulating the expression of BCL2 family 
members (Fig. 4B). To better understand the effect of SAHA on cell death 
and chromatin accessibility, we analyzed the presence of differentially 
accessible ATAC-seq peaks in BCL2 family members whose mRNAs are 
modulated in response to SAHA. The pro-apoptotic BH3-only BIK and 
the anti-apoptotic BCL2L1/BCLXL are up- and downregulated, respec-
tively, in both PDOs and show the appearance of distinct ATAC-seq 
peaks in response to SAHA treatment. 

At steady-state, some individual differences in chromatin 

accessibility can be observed between the two PDOs. In the case of BIK, 
chromatin accessibility increases in an intronic region (2nd intron) near 
the 3’ end of the gene (Fig. 7A). This region may represent a putative 
enhancer. Analysis of ChIP-seq data obtained in the ENCODE project, 
showing enrichment of H3K27ac signals, and the possible presence of 
chromatin looping, confirmed that this region could represent an 
enhancer (Fig. S4). Motif discovery revealed a putative binding site for 
MZF1 (Fig. 7B), a zinc finger TF that has a dual function in CRC [67]. 

In BCL2L1, reduced chromatin accessibility is induced at multiple 
sites (n=3). The first and second regions are located within the second 
large intron, with the first region closest to the second exon (Fig. 7C). 
Data from ENCODE show that this intron contains multiple regions 
enriched in H3K27ac signals and the possible organization of chromatin 
looping, confirming the presence of putative enhancers (Fig. S5). Some 
of these H3K27ac domains correspond to the two regions that exhibit 
decreased chromatin accessibility in response to SAHA (1–2, Fig. 7C) 
The third region is located at the 3’ end, downstream the third exon. 

Motif discovery analysis in these regions (Fig. 7D) predicted with the 
highest score the binding sites of SPI1 and SP5, two transcription factors 
involved in tumorigenesis [67,68]. 

NKL54, which is unable to induce cell death, has no significant effect 
on chromatin accessibility at these loci in these two PDOs. In conclusion, 
induction of apoptosis and regulation of BCL2L1 and BIK levels by SAHA 
correlate with modulation of chromatin accessibility at the relative 
genomic loci. 

4. Discussion 

PDOs obtained from CRC patients represent a new opportunity to 
evaluate drug effects and mechanisms of action in a more physiological 
3D setting and under conditions that more closely resemble the patient’s 
mutational profile [69]. For this manuscript, we generated and char-
acterized PDOs from CRC patients to compare the efficacy of NKL54 and 
SAHA, two different HDACIs, with respect to the genomic mutational 
status. We have also defined changes in chromatin organization and 
transcriptional adaptations. PDOs carrying TP53 mutations were 
selected, because they are common in CRC and arise late in the transi-
tion from adenoma to carcinoma, facilitating CRC progression, cancer 
stem cell expansion, and metastasis [70–73]. Patients with TP53 muta-
tions are associated with a higher death risk [74]. Therefore, exploring 
new therapeutic approaches using these PDO models is helpful to pro-
vide additional therapeutic interventions. 

Analysis of WES revealed that the two PDOs have a specific pattern of 
mutations. In both PDOs, the RTK pathway is constitutively active 
because of mutations in ERBB2, MAP2K1, and PTEN in PDO19 and in 
KRAS in PDO71. APC is frequently mutated, albeit with a different 
pattern of mutations in all PDOs we have generated. As previously 
observed, these PDOs retain the mutation pattern of the primary tumor 
from which they originated [7]. However, WES analysis performed at 
different time points after the initial culture, indicates that subclone 
selection may be occurring in PDO71. 

NKL54 is nearly ineffective in inducing cell death in these two PDOs. 

Fig. 3. Transcriptomic adaptations in response to NKL54 or SAHA treatment in TP53 mutated CRC PDOs. A. Heatmap showing the expression levels of the different 
zinc-dependent HDACs in the two PDOs, as indicated. The scale bar indicates the variance stabilizing transformed counts. The three independent biological replicates 
are shown. PDOs were treated for 6 hours with NKL54 [10 µM] or SAHA [5 µM]. B. Box plots showing expression levels (TPM) of genes up or downregulated in 
response to HDACIs for PDO19 (left) and PDO71 (right). Genes are considered differentially expressed with an absolute log2 (fold change) > 1 and adjusted p value <
0.05. C. Venn diagrams showing the number of genes commonly and exclusively upregulated in the two PDOs in response to SAHA (top) and NKL54 (bottom). D. 
Venn diagrams showing the number of genes commonly and exclusively upregulated by the two HDACIs in PDO19 (left) and PDO71 (right). E. Comparative analysis 
of the increased expression of the genes commonly upregulated by NKL54 and SAHA (compared to untreated) in the two PDOs as indicated. F. Scatter plots displaying 
expression log2(fold change) in response to SAHA (x axis) and NKL54 (y axis) for all detected genes (grey dots). The commonly upregulated genes are highlighted in 
pink. In most cases the upregulation is more substantial in SAHA-treated PDOs. G. Bar plot of the most significantly enriched functional terms according to the Gene 
Ontology (GO): Biological Process, (BP), Molecular Function (MF) and Cellular Component (CC), Reactome or KEGG databases. Genes commonly upregulated in 
response to SAHA or NKL54 treatment in both PDOs were analyzed. The top terms for each functional database are shown. Terms and pathways are considered 
significant with p value < 0.05. H. Bar plot as in (G) with genes upregulated in response to SAHA in the two PDOs were analyzed. The top terms for each functional 
database are shown, I. Bar plot as in (H) with NKL54 instead of SAHA. 
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In a previous study in 2D cancer cell lines, NKL54 was able to induce 
histone acetylation and apoptosis, though less efficiently than SAHA 
[23]. We confirmed that NKL54 can suppress cell proliferation at a 
concentration of 5 µM in CRC cell lines grown in a 2D culture. Therefore, 
PDOs represent a more resistant model for cellular stress that ultimately 
triggers cell death, and thus more closely resemble the patient’s condi-
tion. At present, it is unclear whether the lower efficacy of NKL54 is due 
to a different uptake of the compound or a lower responsiveness of these 
two PDOs. Although off-targets for SAHA have recently been identified 
[46], the comparative analysis of a group of genes that are commonly 
upregulated by the two HDACIs in the two PDOs, suggests that SAHA is 
more efficient than NKL54 in inhibiting class I HDACs in CRC PDOs. 

We confirmed that HDACIs have opposite effects on genes with high 
and low expression levels [23,48]. In fact, we see upregulation for genes 
with low expression, whereas highly expressed genes are repressed, an 
observation confirmed at the level of chromatin accessibility. In fact, in 
response to SAHA, cells open chromatin in relatively poorly accessible 
regions and, in contrast, decrease accessibility in well-accessible 
regions. 

As observed previously, the effect of HDACIs manifests in already 
accessible regions, even if characterized by a relatively low signal, rather 
than opening new regions [62]. These regions are enriched for CTCF and 
FOS/AP1 binding motifs. Interestingly, in cutaneous T-cell lymphoma, 
the presence of the CTCF pattern or the absence of the AP1 pattern are 
both predictive of patient response to treatment with HDACIs [62]. 

Immunomodulation and immunotherapy enhancement are novel 
activities triggered by inhibition of HDACs. [75–77]. Many MHC class I 
and class II genes are upregulated in CRC cell lines in response to various 
HDACIs. [44,77–80]. We confirmed that some MHC class I and class II 
are upregulated in response to HDACIs, in the two PDOs studied. 
However, this response also shows patient selectivity, and interestingly, 
NKL54 and SAHA have a comparable effect on MHC class II genes. It is 
important to note that MHC class II genes are expressed at very low 
levels in both PDOs, and the strongest effect is exerted on HLA-DMA and 
HLA-DMB genes. The encoded proteins catalyze the exchange and 
loading of peptides onto MHC II molecules [81]. 

The efficacy of NKL54 in enhancing MHC gene expression was 
confirmed by functional analysis. Both inhibitors also enhanced the 
expression of various innate immunity genes [62,82]. This is another 
case where NKL54 was more effective compared to SAHA. 

Members of the BCL2 family are key regulators of the intrinsic/ 
mitochondrial pathway of apoptosis [83] SAHA efficiently triggers 
apoptosis in both PDOs, by regulating the expression of several BCL2 
family members [43,84]. In particular, it strongly suppressed the 
expression of the anti-apoptotic BCL2L1. NKL54 was much less effective 
in upregulating BIK and BMF and did not repress BCL2L1 expression. 
These shortcomings may explain its failure to induce apoptosis. 

BCL2L1 is frequently overexpressed in CRC, is critical for the pro-
gression of adenoma carcinoma, and has drawn attention to the use of 
specific inhibitors [85–87]. ATAC-seq analysis identified three regions 
in BCL2L1 where accessibility decreased after SAHA treatment. These 

(caption on next column) 

Fig. 4. Regulation of CDKIs, BCL2 family members and MHC genes in response 
to HDACIs. A. Heatmap reporting the expression levels (log2 fold change 
relative to untreated cells) of the indicated CDKIs family members in response 
to 6 hours of treatment with SAHA or NKL54 in the two PDOs, as indicated. 
Positive log2 fold change is indicated in red, negative in blue, as indicated in the 
scale bar. Genes that are not differentially expressed in a sample are indicated 
in grey. B. Same as panel A, showing BCL2 family members. Pro-apoptotic 
family members are in red, anti-apoptotic in light blue and genes with 
debated function in gray. C. Same as panel A, showing MHC class II genes. D. 
Same as panel A, showing MHC class I genes, E. Same as panel A, showing some 
genes of the Reactome category “diseases of the immune system”. F. Class II 
MHC genes expression in PDOs treated with SAHA (pink), NKL54 (light blue), 
or untreated (grey) for 6 hours as indicated. Expression values are shown in 
TPM, each dot represents a replicate. G. Like (F), but for class I MHC genes. 
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regions are located within the intron 2 and at the 3’ end of the gene. 
Motif discovery identified SP5 as the most enriched motif in two of these 
regions. Of note, SP5 is a target and effector of the WNT/β-catenin 
pathway [88–90]. Clearly, additional mechanisms could operate to 
control BCL2L1 transcription. In cultured cell lines, ATF3 was reported 
to be engaged by HDACIs to repress BCL2L1 after binding to its promoter 
[91]. Further studies will be required to demonstrate the role of SP5 in 
regulating BCL2L1 expression. 

In summary, our results suggest usage of HDACIs in combination 
with BCL2L1 inhibitors to efficiently induce cell death in CRC cells [92]. 

5. Conclusions 

Epigenetic therapies in solid cancers, including the use of HDACIs, 
are currently being investigated to both target cancer cells and modulate 
the tumor microenvironment. The strategy is to enhance the effect of 
immunotherapy [77]. Our studies with two PDOs provide further evi-
dence for the action of HDACIs as transcriptional modulators of key 
regulators of the cell cycle, apoptosis, and the immune response in CRC 
in the context of defective TP53. The ATAC-seq data shed lights on al-
terations in chromatin accessibility of genes that play a key role in the 
aggressiveness and therapy resistance of CRC, such as BCL2L1. 
Furthermore, although our exploratory study needs to be validated in a 
larger cohort of PDOs, we have uncovered patient-specific differences in 

Fig. 5. DNA accessibility and gene expression. A. Profiles (top) and heatmaps (bottom) depicting ATAC-seq-normalized enrichment with the center TSS of two 
replicates for each condition. PDOs were treated with NKL54 (10 µM) or SAHA (5 µM) for 6 hours. Genomic loci (heatmap lines) are divided into four clusters based 
on enrichment in the four control samples (DMSO) and ordered by degree of enrichment within each cluster. The cluster sizes are as follows: Cluster 1, 2176 genes; 
Cluster 2, 6341 genes; Cluster 3, 7035 genes; Cluster 4, 11915 genes. A region extending 3Kb upstream and downstream from TSS is analyzed. In the heat maps, blue 
indicates high enrichment, red low. The colors of the profile lines indicate the four clusters. B. Violin plots illustrating the expression levels (TPM) of genes belonging 
to the four different clusters defined in (A). Expression data are from PDOs treated with NKL54 (10 µM) or SAHA (5 µM) for 6 hours. 
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Fig. 6. Differentially accessible genomic regions in response to HDACIs. A. Profiles (top) and heatmaps (bottom) depicting ATAC-seq-normalized enrichment of a 
region extending 1.5 Kb upstream and downstream from the center of the peak. Two replicates per condition are shown: Treatment with SAHA [5 µM] for 6 hours 
(pink) and DMSO controls (purple). In the heatmap, darker color indicates higher enrichment. Two groups of genomic regions are shown as results of differential 
enrichment analysis: SAHA gain (top) and SAHA loss (bottom). In the profiles, enrichment of SAHA gain regions is indicated by the purple line (higher in SAHA than 
in DMSO samples), and enrichment of SAHA loss regions is indicated by the light blue line (lower in SAHA than in DMSO samples). SAHA gain are regions with 
significantly higher enrichment in SAHA-treated samples, SAHA loss are regions where enrichment is significantly higher in control/DMSO samples. B. Column plot 
showing the annotation of the genomic regions of the total consensus peaks (%) used to perform the differential enrichment analysis (left). Middle and right, column 
plots showing the annotation of the genomic regions of the SAHA gain and SAHA loss peak lists. C. The top three motifs enriched in the SAHA gain (left) and SAHA 
loss (right) regions. The name of the motif-binding protein and E value are indicated. 

Fig. 7. Examples of genomic accessibility regions changing upon HDACI treatment. A. Integrative Genomics Viewer visualization of normalized ATAC-seq tracks of 
BIK gene region. Each track represents a replicate of the two PDOs untreated (grey) or treated with NKL54 (light blue) or SAHA (pink). The green box highlights the 
differentially enriched genomic region. B. Top motif matched to the differentially enriched genomic region indicated in A., with the binding protein name and score. 
C. Integrative Genomics Viewer visualization of normalized ATAC-seq tracks of BCL2L1 gene region. Each track represents a replicate of the two PDOs untreated 
(grey) or treated with NKL54 (light blue) or SAHA (pink). The brown boxes highlight the differentially enriched genomic regions. D. Top motifs matched to the 
differentially enriched genomic regions indicated in C., with the binding protein names and scores. 
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the ability of HDACIs to modulate HLA genes. This is an important 
aspect to better understand the use of these inhibitors in combination 
with immunotherapy. In summary, PDOs are useful models to test the 
potency and efficacy of HDACIs and to validate new and more effective 
epigenetic drugs. 
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