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ABSTRACT

Non-small cell lung cancer (NSCLC) is the most frequent lung cancer (LC). While erlotinibis
an epidermal growth factor (EGFR) tyrosine kinase inhibitor (TKI) used in the treatment of
NSCLC, it remains unclear how this FDA-approved drug affects the genome. We performed
integrative multi-omics studies in human pulmonary carcinoma cells to elucidate the epigenetic
mechanisms induced by erlotinib. We identified 746 genes (including 34 tumor suppressor
genes, TSG) that were upregulated after treatment with erlotinib or gefitinib (another EGFR-
TKI). Interestingly, 45% of the upregulated genes (including 24 TSG) were in broad domains
of the euchromatin histone mark H3K4me3, and 63% (including 26 TSG) exhibited reduced
levels of the heterochromatin histone mark H3K27me3 after erlotinib treament. Further,
H3K27ac-specific chromosome conformation capture-based methods revealed that erlotinib
significantly increased number and length of chromatin loops between promoters of
upregulated genes and active enhancers. We also detected augmented chromatin accessibility
after erlotinib treatment at the promoters of upregulated genes, which correlated with binding
of the transcription activator FOXA2. Remarkably, we identified gene clusters that seem to be
upregulated by promoters with enhancer activity (Epromoters) enriched with FOXA2. The
clinical relevance of our findings was confirmed by data from The Cancer Genome Atlas,
showing significantly improved survival outcomes in LC patients with high levels of FOXA2
and/or the 34 TSG found upregulated by erlotinib. Our results establish 3D genome
rearrangements as molecular mechanism mediating EGFR-TKI effects in NSCLC cells,
supporting the design of more specific therapies for NSCLC targeting different chromatin

features.

KEYWORDS: Lung cancer, H3K4me3, broad domains, H3K27me3, promoter-enhancer

looping, Epromoter, FOXA2
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INTRODUCTION

Genomic alterations in tumor suppressor genes (TSG, such as TP53 and RB1) and oncogenes
(such as EGFR, KRAS, ALK, RET and ROS1) are known to drive malignant transformationin
cancer [1-5]. However, while some cancers develop because of genomic alterations, others do
not, suggesting alternative events that trigger cancer. Specific chromatin rearrangements
provide a plausible explanation for those cancers that arise without somatic mutations, since
changes in chromatin are key events that must occur before cancer-related genes are expressed
[6-8]. Eukaryotic transcription occurs within the physiological template of chromatin, which
is hierarchically organized at different levels including chromosomal territories, compartments,
self-interacting topologically associating domains, and chromatin loops, altogether resulting in
a highly dynamic three-dimensional (3D) genome organization that plays an importantrole in
transcriptional regulation [9]. Chromatin can be structurally condensed blocking the access of
the transcription machinery to transcriptionally inactive regions (heterochromatin), or
structurally relaxed mediating the access of the transcription machinery to transcriptionally
active regions (euchromatin). Post-translational histone modifications are one of the
mechanisms by which chromatin structure and transcription are regulated. Tri-methylated
lysine 4 of histone 3 (H3K4me3) is a well-characterized euchromatin histone mark related to
genes with high transcriptional activity [10,11]. Additionally, studies have demonstrated that
genes with broad H3K4me3 domains exhibit higher transcriptional activity compared to those
with narrow domains [11,12]. Moreover, H3K4me3 broad domains are associated with
increased transcription elongation and enhancer activity, which together lead to high
expression of TSG [11]. On the other hand, tri-methylated lysine 27 of histone 3 (H3K27me3)
is a well-characterized heterochromatin histone mark that is deposited by the poly-comb
repressive complex 2 (PRC2) and is associated with transcriptional repression for cell type-

specific genes [13-16]. Further, H3K27me3 is characteristic for distal regulatory elements in
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the genome that are capable of silencing gene expression (so called silencers), whereas it also
accumulates over intergenic regions and non-transcribed gene bodies forming large blocks of

H3K27me3-marked loci [17-20].

Structurally less-condensed euchromatin not only facilitates access of the transcriptional
machinery to promoters, but also binding of transcription factors (TFs) and co-activators to
typical enhancers (TYE), which are relatively short (~100-1000 bp) DNA sequences that
function as distal regulatory elements controlling transcription of their cognate promoters [21—
23]. In addition, super-enhancers (SE) are clusters of enhancers enriched with specific histone
marks (such as histone 3 monomethylated at lysine 4 or acetylated at lysine 27, H3K4mel and
H3K27ac respectively), cofactors (such as components of the multimeric protein complex
cohesin and mediator of RNA polymerase Il transcription subunit 1, MED1) and cell-type-
specific TFs [24-26]. Interestingly, Epromoters have been reported as promoters with
structural and functional characteristics of enhancers regulating not only the expression of their
cognate gene but also of other distal genes [27-30]. Chromatin loops can bring into close
physical proximity two distant sequences of DNA. Thus, chromatin looping is broadly accepted

as a means for enhancer-promoter interactions [31].

Pioneer TFs belonging to the FOXA protein family are embryonic master regulators playing a
crucial role in the development of organs that arise from the endoderm, such as the lung,
pancreas, liver, colon and prostate [32-36]. Accumulating evidence supports that FOXA
pioneer TFs induce embryonic expression signatures in non-cancerous somatic cells causing
malignant transformation during cancer initiation [7,37]. Forkhead Box A2 (FOXA2) is an

embryonic master regulator from the FOXA family of pioneer TFs that has been related to a
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99  range of cancer subtypes [36,38-42]. In the context of lung cancer (LC), FOXA2 functions as
100 a TSG, playing a critical role in preserving epithelial integrity and halting cancer progression
101 [43,44]. FOXAZ2 can bind its target DNA sequence at promoters or enhancers even within
102 compacted chromatin and mediate changes in chromatin structure that allow binding of other
103  TFs to induce cell-type-specific gene signatures maintained through mitotic cell division [45].
104  The pioneered opening of regulatory elements at facultative heterochromatin and the
105  subsequent binding of TFs mediating signal-dependent, cell-type-specific transcription is
106  referred to as assisted loading [45]. Interestingly, pioneer factors exhibit cell-type-specific
107  binding patterns and can be excluded from specific chromatin structures such as constitutive

108  heterochromatin [46,47].
109

110  LC is histologically classified into small cell lung cancer (SCLC) and non-small cell lung
111 cancer (NSCLC) [48]. Whereas SCLC is a highly aggressive cancer that spreads very fast and
112 represents 15% of all LC cases [2,49], NSCLC progresses at a comparatively slower rate and
113 accounts for 85% of all LC cases [50]. NSCLC is further subcategorized into lung
114  adenocarcinoma (LUAD; 45%), squamous cell carcinoma (LUSC; 25%), and large cell
115  carcinoma (15%) [51]. Despite advancements in treatments, LC remains the leading cause of
116  cancer-related dead worldwide [52], and early detection remains essential for improving
117 survival rates [53-56]. Activation of epidermal growth factor receptor (EGFR) playsa key role
118 in LC progression [57,58]. Mutations in the EGFR are identified in 32% of NSCLC cases,
119  predominantly in LUAD. The majority of these EGFR mutants have either multi-nucleotide in-
120  framedeletionsin exon 19 (AEx19), or a point mutation in exon 21 of EGFR, in which leucine
121 858 is substituted by arginine (L858R), each of these somatic mutations resulting in activation
122 of the tyrosine kinase domain of EGFR. The small molecules erlotinib and gefitinib are EGFR

123 tyrosine kinase inhibitors (TKIs) used to manage and treat specific NSCLC and pancreatic
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cancer [59,60]. LUADs responsive to these EGFR-TKI possess the EGFR mutations described
above and often increased EGFR copy number [61,62]. Erlotinib and gefitinib inhibit EGFR
tyrosine kinase activity by reversibly competing with ATP for binding in the kinase domain.
However, the effects on the genome of LC cells caused by EGFR-TKI have been sparsely
studied. Here, we performed integrative multi-omics studiesto determine the effect of blocking
EGFR by erlotinib on the 3D genome of NSCLC cells to elucidate the epigenetic mechanisms
leading to expression of TSG, thereby providing further insights into the therapeutic effects of
EGFR-TKIs, as well as the molecular basis for designing more specific therapies for NSCLC

targeting different chromatin features.
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135  RESULTS
136  Erlotinib increases H3K4me3 broad domains associated with gene activation.

137 We analyzed the transcriptome of a human alveolar basal epithelial adenocarcinoma cell line
138 (Ab549) after erlotinib treatment by total RNA sequencing (RNA-seq, Fig. 1a-b, Supplementary
139  Fig. 1a-b, Source Data file). From the transcripts that were significantly affected by erlotinib
140  treatment (n = 1,002), a minority (n = 256; 25.5%) showed reduced expression after erlotinib
141  treatment, whereas 74.5% (n = 746; further referred to as upregulated transcripts or genes)
142 showed increased expression with a median of -0.6 log2 RPKM+1 and an interquartile range
143 (IQR) of 3.9 log2 RPKM+1 (P = 3.49E-283), as compared to -1.37 log2 RPKM+1 (IQR = 3.86
144 log2 RPKM+1) in control (Ctrl) non-treated cells (Fig. 1b, top). These 746 upregulated genes
145  after erlotinibtreatment included 34 genes that were previously reported as TSG (Source Data
146  file). Further, we also detected significantly increased expression of the 746 upregulated genes
147 in four different publicly available RNA-seq datasets (Supplementary Fig. 1c, Source Data
148  file), including erlotinib treated A549 cells [63], as well as PC-9 cells treated with erlotinib,
149  gefitinib or osimertinib [64-66], confirming our results in two human pulmonary
150  adenocarcinoma cell lines treated with different EGFR-TKIs. Interestingly, single-cell RNA-
151  seq (scRNA-seq) in a lung adenocarcinoma patient-derived xenograft tumor model, in which
152 tumor-bearing mice were non-treated or erlotinib treated [67] showed that the cell cluster with
153  highest EGFR levels was the only cell cluster with significantly increased expression of the 34
154  TSG includedin the 746 upregulated genes (Supplementary Fig. 1d). These SCRNA-seq results
155 in a lung adenocarcinoma patient-derived xenograft tumor model confirmed the RNA-seq
156  resultsintwo human pulmonary adenocarcinomacell lines (Fig. 1a-b; Supplementary Fig. 1c),
157 as well as demonstrated a direct correlation between EGFR levels and cell sensitivity to
158  erlotinib. To determine the clinical relevance of the in vitro RNA-seq and in vivo SCRNA-seq

159  results, we analyzed RNA-seq data from control donors and NSCLC patients deposited at The
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160  Cancer Genome Atlas (TCGA; Fig. 1c). We found that expression levels of the 746 upregulated
161  genes were significantly lower in non-treated NSCLC patients (median = 2.06 log2 TPM+1,;
162  IQR =4.16 log2 TPM+1; P = 5.53E-5) as compared to Ctrl donors (median= 2.2 log2 TPM+1,
163 IQR = 5.12 log2 TPM+1). In addition, expression levels of the 746 upregulated genes
164  significantly increased in NSCLC patients that were treated with erlotinib (median = 3.23 log2
165 TPM+1; IQR =4.49 log2 TPM+1; P = 3.35E-110) as compared to non-treated NSCLC patients.
166  Similar results were obtained by analyzing the RNA-seq data from control donors and NSCLC
167  patients deposited at TCGA focusing on the expression of 34 TSG included in the 746
168  upregulated genes (Fig. 1c, bottom; Source Data file). These findings in Ctrl donors and
169  NSCLC patients non-treated or treated with erlotinib confirmed the results in human
170  pulmonary adenocarcinoma cell lines (Fig. la-b; Supplementary Fig. 1c) and in the lung
171 adenocarcinoma patient-derived xenograft tumor model (Supplementary Fig. 1d). Gene Set
172 Enrichment Analysis (GSEA) of the differentially expressed genes (DEGs) after erlotinib
173 treatment (Fig. 1d) revealed significant enrichment of signaling pathways related to cancer,
174 including EGFR-resistance, PI3K-AKT-, mTOR-, MAPK-, TGFB- and NFkB-signaling across
175  the upregulated transcripts, whereas glycolysis, WNT-, TNF- and IL-17-signaling were
176  significantly enriched in the down-regulated transcripts. To further investigate the effect of
177 erlotinib treatment in lung adenocarcinoma cells, we performed a sequencing experiment
178  following chromatinimmunoprecipitation (ChIP-seq) for genome-wide profiling of H3K4me3
179  (Fig. 1e-h, Supplementary Fig. 2a, Source Data file). Correlating with the effect of erlotinib
180  treatmentin the transcriptome of A549 cells, we detected genome-wide increase of H3K4me3
181 levels after erlotinib treatment (Fig. 1e, top; median = 0.47 RPMM; IQR = 3.31E-3 RPMM; P
182 = 1.17E-26), as compared to Ctrl non-treated cells (median = 0.44 RPMM; IQR = 6.51E-3
183  RPMM). Since the increasing effect of erlotinib in H3K4me3 levels was not observed at

184  transcription start sites (TSS) -/+2 kb (Fig. le, bottom), we performed genome-wide peak
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185  distributionanalysis of the H3K4me3 ChlP-seq and found that the number of H3K4me3 peaks
186  increased after erlotinib treatment at promoters and gene bodies as compared to Ctrl non-treated
187  cells (Fig. 1f). To gain further insight into this finding, we determined broad and narrow
188  domains of H3K4me3 (Fig. 1g) and found that H3K4me3 broad domains spanning promoters
189  and gene bodies showed a significant increase in erlotinib-treated cells from 79.5% to 85.1%
190 (P < 1E-4) for promoters and from 25.3% to 27.3% (P = 0.03) for gene bodies, compared to
191  control non-treated cells, whereas non-significant change was observed in intergenic regions.
192  Further analysis showed that 338 genes coding for transcripts that were increased after erlotinib
193  treatmentas determined by RNA-seq in two different human pulmonary adenocarcinomacell
194  lines (Fig. 1a-b, Supplementary Fig. 1c) were located in H3K4me3 broad domains and included
195 26 known TSG (Fig. 1h; Supplementary 2b). Focusing on the H3K4me3 broad domains
196  spanning these 338 upregulated genes (Fig. 1i, top; Source Data file) we detected significantly
197  increased H3K4me3 levels after erlotinib treatment at promoters (median = 2.37 RPMM; IQR
198 = 1.28 RPMM; P = 9.9E-12) and gene bodies (median = 1.93 RPMM; IQR = 0.89 RPMM; P
199  =4.1E-7), as compared to the same promoters (median = 2.12 RPMM; IQR = 1.09 RPMM)
200 and gene bodies (median = 1.67 RPMM; IQR = 0.55 RPMM) in Ctrl non-treated cells.
201  Focusing on H3K4me3 broad domains spanning promoters and bodies of genes that were
202  downregulated after erlotinib treatment (Fig. 1i, bottom), erlotinib treatment did not
203  significantly change H3K4me3 levels. The levels of H3K4me3 significantly increased after
204 erlotinibtreatment at promoters and gene bodies of these 338 genes that were upregulated after
205 erlotinib treatment, supporting that H3K4me3 broad domains are associated with increased

206  transcription elongation.
207

208  Gene activationinduced by erlotinib correlates with reduced H3K27me3 broad domains.
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209  To further investigate the effect of erlotinib on the chromatin landscape, we performed a
210  sequencing experiment following Cleavage Under Targets and Tagmentation (CUT&Tag) for
211 high-resolution genome-wide profiling of the heterochromatin histone mark H3K27me3 in Ctrl
212 non-treated or erlotinib treated A549 cells (Fig. 2a-d, Supplementary Fig. 3a-c; Source Data
213  file). We detected significant genome-wide reduction of H3K27me3 levels after erlotinib
214  treatment (Fig.2a, top; median = 0.98 RPMM; IQR = 0.08 RPMM; P = 9.32E-13) as compared
215  to Ctrl non-treated cells (median = 1 RPMM; IQR = 0.1 RPMM). In contrast to the results
216  obtained for H3K4me3 at the TSS -/+2kb (Fig. 1e, bottom), we detected significant reduction
217  of H3K27me3 levels at TSS -/+2kb after erlotinib treatment (Fig. 2a, bottom). However, in
218  reflection of our observations for H3K4me3, genome-wide peak distribution analysis of the
219  H3K27me3 CUT&Tag revealed that the majority of the H3K27me3 peaks were also in broad
220  domains (Supplementary Fig. 3b). In addition, H3K27me3 broad domains spanning promoters
221  and gene bodies showed a significant decrease in erlotinib-treated cells from 82.6% to 78% (P
222 < 1E-4) for promoters and from 29.3% to 23.6% (P < 1E-4) for gene bodies, compared to
223 control non-treated cells (Fig. 2b, Source Data file). Focusing on the 746 upregulated genes
224 after erlotinib treatment (Fig. 1a-b and Supplementary Fig. 1c), we found that H3K27me3
225  levelswere reduced in 63% (n = 470) of these genes including 24 TSG, whereas in only 256
226 genes (34%) including 9 TSG the H3K27me3 levels were increased (Fig. 2c; Supplementary
227  Fig. 3c). Focusing on the H3K27me3 broad domains spanning these 470 upregulated genes
228  (Fig. 2d; Source Data file) we detected significantly decreased H3K27me3 levels following
229  erlotinibtreatment at promoters (median = 4.64 RPMM; IQR = 3.96 RPMM; P = 8.87E-8) and
230  gene bodies (median = 4.1 RPMM; IQR = 3.75 RPMM; P = 1.7E-2) as compared to the same
231  promoters (median = 4.82 RPMM; IQR = 3.93 RPMM) and gene bodies (median = 4.56

232  RPMM; IQR = 3.88 RPMM) in Ctrl non-treated cells. Our results indicate that erlotinib

10
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233 treatment reduced genome-wide H3K27me3 levels including promoters and bodies of 470

234 genes that were upregulated following erlotinib treatment.
235
236 Erlotinib activates enhancers and increases promoter-enhancer chromatin loops.

237 As the majority of DEGs following erlotinib treatment in two different human pulmonary
238 adenocarcinomacell lines presented increased transcript levels (Fig. 1a-b, Supplementary Fig.
239  1c), we investigated the effect of erlotinib specifically in enhancers. We performed H3K27ac
240  ChlIP-seq in Ctrl non-treated or erlotinib treated A549 cells (Supplementary Fig. 4a) and
241  analyzed the data using the rank-ordering of super-enhancers (ROSE) algorithm [68] to
242  distinguish SE from TYE (Fig. 3a, left). We detected 1,649 SE in Ctrl non-treated A549 cells
243 and this number significantly increased to 1,739 (P = 1.02E-4) following erlotinib treatment.
244 Comparison of the genomic coordinates of the SE in Ctrl and erlotinib treated cells showed
245  thatonly 701 SE were in common between both conditions (Fig. 3a, right). Furthermore, while
246 we observed after erlotinib treatment significantly reduced H3K27ac levels in 948 SE that were
247  specific to Ctrl cells (Fig. 3b, top; Source Data file), the levels of H3K27ac significantly
248  increasedin 1,038 SE that were specific for erlotinib treated cells (Fig. 3b, bottom; Source Data
249  file). Genome-wide peak distribution analysis of the H3K27ac ChlP-seq data (Fig. 3c) showed
250  that the increase of H3K27ac levels took place in intergenic regions, whereas the reduction of
251  H3K27ac levels occurred at promoters and gene bodies, suggesting that most of the new SE

252 after erlotinib treatment were in intergenic regions.
253

254  To determine the effect of erlotinib on 3D chromatin conformation we implemented a
255  technique that combinesinsitu Hi-C library preparation with achromatin immunoprecipitation

256 (HiChlIP, Fig. 3d-g, Supplementary Fig 4b-c, Source Data file). We used for this HiChlIP-seq

11
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257  chromatin from Ctrl non-treated or erlotinib treated A549 cells and H3K27ac-specific
258  antibodiesto precipitate active enhancers that physically interact with promoters. We detected
259  a significantly increased number of chromatin interaction hubs after erlotinib treatment (Fig.
260  3d, top) that were distributed across all chromosomes (Fig. 3e). Furthermore, the length of the
261  chromatin loops also significantly increased after erlotinib treament (Fig. 3d, bottom; median
262 = 16.11 kb; IQR = 2.53 kb; P = 2.22E-16) as compared to Ctrl non-treated cells (median =
263  15.88 kb; IQR = 2.5 kb). The increased number of chromatin loops following erlotinib
264  treatment was more pronounced in chromatin loops exceeding 50 kb (Fig. 3f). Moreover, of
265  the 746 upregulated genes (Fig. 1la-b, Supplementary Fig. 1c), we found 81% (n = 605) to
266 physically interact through chromatin loops with active enhancers, including 42% (n = 312)

267  with SE and 39% (n =293) with TYE (Fig. 3g; Supplementary Fig. 4c; Source Data file).
268

269  Erlotinib increases chromatin accessibility at Epromoters and super-enhancers bound by

270  pioneer transcription factor FOXA2.

271  Integrative analysis of the H3K4me3 ChlIP-seq (Fig. le-i, Supplementary Fig. 2a-b),
272 H3K27me3 CUT&Tag (Fig. 2a-d, Supplementary Fig. 3a-c) and H3K27ac HiChlP-seq (Fig.
273 3d-g, Supplementary Fig 4b-c) revealed that 214 genes among the 746 upregulated genes
274  following erlotinib treatment (1) were located in H3K4me3 broad domains, with increased
275  H3K4me3 levels, (2) have decreased H3K27me3 levels and (3) were physically interacting
276 with active enhancers via chromatin loops (Fig. 4a), all these chromatin features likely
277  contributing to their increased expression after erlotinib treament. Exploring the chromosome
278  distribution of the 746 upregulated genes, we found that groups of these genes were in various
279  chromosomesinsame A compartments (Fig. 4b; Supplementary Fig. 5a) suggesting that genes
280 inthe same A compartment may be co-regulated. Visualization of the loci of various of these
281  gene clusters using the integrative genome viewer (IGV) (Fig. 4c; Supplementary Fig. 5b),
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282  showed that genes in the same cluster were interacting through chromatin loops with each other
283  and with enhancers. Moreover, the number and the length of the chromatin loops inside each
284  cluster increased following erlotinib treatment, confirming our genome-wide results (Fig. 3d-
285 (). Interestingly, analysis of publicly available ChiP-seq datasets [69,70] showed that the
286  anchors of the chromatin loops were enriched with CTCF and components of the cohesin
287  complex (RAD21 and SMC1A), suggesting their involvement in the regulation of chromatin

288  changes induced by erlotinib.
289

290  To gain further insight into these results, we analyzed sequencing data based on assay for
291  transposase-accessible chromatin (ATAC-seq) in Ctrl or erlotinib treated pulmonary
292  adenocarcinoma PC-9 cells [71] (Fig. 5a; Supplementary Fig. 6a-b; Source Data file). We
293  found that erlotinib treatment significantly increased chromatin accessibility at TSS -/+1 kb of
294 the 214 upregulated genes (Fig. 5a, top) and the 34 upregulated TSG (Fig. 5a, bottom). Motif
295  search analysis of these TSS -/+1kb (Fig. 5b) revealed significant enrichment of nucleotide
296  sequences containing binding motifs for the pioneer TF FOXAZ2 [7]. Confirming these results,
297  FOAX2-specifc ChlP-seq (Fig. 5c; Supplementary Fig. 6¢-d; Source Data file) showed
298  significantenrichment of FOXA2 at the TSS -/+0.5kb of the 214 upregulated genes and the 34
299  upregulated tumor suppressor genes in a second pulmonary adenocarcinomacell line (A549),
300 whereas FOXA2 was not enriched at the same TSS in a human SCLC cell line (NCI-H889)
301  supporting specificity of FOAX2 enrichmentat TSS of the 746 upregulated genes with respect
302 to the LC type (Supplementary Fig. 6d). Remarkably, similar results were obtained for the
303  active, H3K27ac-labelled 1,038 SE (Fig. 3a-b) induced by erlotinib treatment (Fig. 5d-f). At
304 thesedistal regulatory elements (SE), we observed increased chromatin accessibility following
305 erlotinib treatment (Fig. 5d), significantly enriched nucleotide sequences containing FOXA2

306  binding motifs (Fig. 5e) that were confirmed by ChlIP-seq showing FOXA2-enrichment at the

13


https://doi.org/10.1101/2025.05.13.653883
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.13.653883; this version posted May 14, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

307  active SE (Fig 5f). IGV genome browser snapshots focusing on the loci of the gene clusters
308  previously shown in Fig. 4c and Supplementary Fig. 5b revealed increased chromatin
309  accessibility following erlotinib treatmentat the promoters of the upregulated genes, as well as
310  atthe enhancers that physically interacted with these promoters through chromatin loops (Fig.
311 6, top; Supplementary Fig. 6e, top). Interestingly, we observed inside each gene cluster that
312 FOXAZ2 enrichmentwas higher in one of the promoters as compared to the promoters of other
313  genes in the same cluster, specifically in pulmonary adenocarcinoma cells (Fig. 6, middle;
314  Supplementary Fig. 6e, middle). Similarly, promoters with enhancer activity (Epromoters) that
315  regulate transcription of various genes inacluster are preferentially bound by a key TF [29,30].
316  Thus, we implemented a script to predict Epromoters [30] and found that those promoters with
317  higher FOXA2 enrichment in each cluster were identified as Epromoters (Fig. 6, bottom;
318  Supplementary Fig. 6e, bottom). Further, we analyzed an RNA-seq dataset in A549 cells
319  containing long non-coding RNA molecules (50-2000 nucleotides) transcribed from enhancer
320 regions (so called enhancer RNAs, eRNAs) [72,73], and found that eRNAs are transcribed
321 from the predicted Epromoters (Fig. 6, bottom; Supplementary Fig. 6e, bottom), and with a
322  lower frequency from the enhancers and other promoters in the same cluster. To confirm the
323  results from the IGV genome browser snapshots of the loci of the gene clusters presented in
324  Fig. 6 and Supplementary Fig. 6e, we predicted Epromoters [30] in the 746 upregulated genes
325 and found 139 Epromoters with significantly increased chromatin accessibility after erlotinib
326  treatment (Fig. 7a, Source Data file), significant enrichment of nucleotide sequences containing
327  FOXAZ2 binding motifs (Fig. 7b, Source Data file) that was confirmed by ChIP-seq showing
328 FOXAZ2-enrichment at Epromoters in pulmonary adenocarcinoma cells (A549) compared to
329  the same loci in human SCLC cells (NCI-H889) supporting specificity of FOAX2 enrichment
330 at these 139 Epromoters with respect to the lung cancer type (Fig 7c, Source Data file).

331  Moreover, RNA-seg-based transcriptome analysis in cells that were transfected with Ctrl or
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332  FOXA2-specific small interfering RNAs (siRNA, siCtrl, siFOXA2; Fig. 7d, Supplementary
333  Fig. 6f; Source Data file) showed a significant decrease in the expression levels of the 746
334  upregulated transcripts, including the 214 upregulated genes identified in Fig. 4a and the 34
335  TSG, after FOXA2-specific loss-of-function (LOF; Fig 7d) demonstrating the requirement of
336 FOXA2 for the basal transcriptional levels of these genes. Our results indicate that the genes in
337  the same clusters are (1) co-activated after erlotinib treatment through increased chromatin
338  accessibilityat TSS, (2) binding of FOXA2 preferentially to an Epromoter in each cluster, (3)
339  physical interaction with active SE via chromatin loops that are stabilized by CTCF and the

340  cohesin complex.
341

342  Gene expression signature induced by erlotinib can be used for diagnosis and prognosis

343  of LUAD patients.

344  Extending our findings to translational applicability, we performed principal component
345 analysis (PCA) of RNA-seq data from Ctrl donors and NSCLC patients deposited at TCGA
346  restricted to 746 upregulated genes following erlotinib treatment (Fig. 1a-b; Supplementary
347  Fig. 1c). This analysis not only allowed us to differentiate between Ctrl donors and NSCLC
348  patients, but also to discriminate between the NSCLC subtypes LUAD and LUSC (Fig. 8a,
349  left). Similar results were obtained after PCA of RNA-seq data deposited at TCGA using the
350  expressionof 214 upregulated genes identified in Fig. 4a (Fig. 8a, right). Further, genome-wide
351  association studies (GWAS) of cancer genomics datasets revealed 960 single nucleotide
352  polymorphisms (SNPs) in the 34 TSG included in the 746 upregulated genes (Fig. 8b).
353 Interestingly, 26% (n = 246) of these SNPs were found in LC genomics datasets, from which
354  LUAD was the most frequent (16%; n = 152) followed by LUSC (5%; n = 49) (Fig. 8c). The
355  most frequent mutation type in the LC-specific SNPs was missense mutations (75%; n = 185)
356  (Fig. 8d). Similarly, GWAS of cancer genomics datasets focusing on the 1,038 SE induced
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357  after erlotinib treatment revealed 164 SNPs, from which 22% (n = 36) were found in LC
358 genomics datasets (Fig. 8e). Interestingly, 44% (n = 16) of these SNPs were found in LUAD
359  genomics datasets, followed by LUSC data sets (19%; n=7) (Fig. 8f). Survival analysis of the
360 1,411 LC patients from the Kaplan-Meier plotter [74] (Fig 89, left; Source Data file) showed a
361  significantly longer survival of patients with increased levels of the 34 TSG included in the
362 746 upregulated genes after erlotinib treatment (n = 704; median survival = 99.4 months;
363  hazardratio = 0.62; P = 2.5E-10; Cox regression) as compared to patients with low expression
364 levels(n=707; mediansurvival = 52 months). Remarkably, the positive effect of the increased
365 levelsof the 34 TSG on the longer survival of patients was specific to LUAD patients (Fig. 8e,
366  middle; Source Data file), since it was not observed in LUSC patients (Fig. 8e, right; Source
367 Data file). Similar results were obtained when the FOXA2 expression levels were considered
368  for survival analysis in the 2,166 LC patients from the Kaplan-Meier plotter (Supplementary
369  Fig. 7a-c; Source Data file). These findings support the clinical relevance of the 746 genes
370  upregulated following erlotinib treatment identified here (Fig. 1a-b; Supplementary Fig. 1c) as
371 gene expression signature not only for molecular differentiation of NSCLC patients in LUAD
372 and LUSC, but also for prognosis prediction of LUAD patients, which might help to develop
373  patient-tailored therapies.

374
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375  DISCUSSION

376  Geusz and colleagues demonstrated a dual role for FOXA pioneer TFs in endodermal organ
377  development [26]. First, in endodermal organ precursor cells, FOXA pioneer TFs bind to
378  primed enhancers, which are enriched for strong FOXA binding motifs, as well as for binding
379  motifs of cell-lineage-specific TFs mediating response to determined signaling pathways, such
380 as EGF signaling. The binding of FOXA pioneer TFs to these primed enhancers induced
381  chromatinrearrangements resulting in a more accessible chromatin state at genomic elements
382  regulating organ cell type-specific gene expression. Second, this accessible chromatin state
383 allows cell-lineage-specific TFs to bind these regulatory elements and modulate gene
384  expression facilitating signal-dependent lineage initiation and enforcing organ cell type-
385  specific gene expression. Our results support the hypothesis that FOXA pioneer TFs play a
386  similardual role in NSCLC and regulate chromatin rearrangements that allow binding of cell-
387  lineage-specific TFs mediating response to EGF signaling to induce cancer-related gene
388  expression signatures. Supporting this hypothesis, we showed that blocking EGF signaling in
389 NSCLC cells by EGFR-TKIs induce changes in their 3D genome, including increased
390 H3K4me3 broad domains, reduced H3K27me3 levels and increased chromatin loops mediating
391  promoter-SE interactions. These chromatin rearrangements together lead to increased
392  expression of 746 genes including 34 TSG that may explain the therapeutic effects of the
393 EGFR-TKIs in LUAD. The observed changes in chromatin of NSCLC cells after EGFR-TKI
394  treatment may be related to the pioneer TF FOXA2, which is enriched at the TSS of the 34
395 increased TSG (Fig. 5c¢), active SE (Fig. 5f) and Epromoters regulating cluster of upregulated
396  genes after erlotinib treatment (Fig. 7¢). Interestingly, inhibition of EGFR by another TKI
397  (afatinib) alone or in combination with gemcitabine (nucleoside analog used as chemotherapy
398 medication) [75] led to eradication of cancer stem cells and reduced pancreatic cancer

399  metastasis [77]. Since FOXA pioneer TFs are required for embryonic development of organs

17


https://doi.org/10.1101/2025.05.13.653883
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.13.653883; this version posted May 14, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

400 that arise from the endoderm [32-36], it will be interesting to determine whether EGFR-TKIs
401 will induce similar changes in the 3D genome of pancreatic cancer cells, or of cancer cells in
402  other organs of endodermal origine, similar to the 3D genome rearrangements reported here
403  for lung cancer cells. The implications of embryonic master regulators in promoting
404  tumorigenesis can be exploited clinically as new therapeutic targets to specifically ablate
405  cancer cells. Following this line of ideas, specific silencing of the pioneer factor FOXAL in

406  cancer cells reduced cancer hallmarks [76].
407

408  The EGFR mutations AEx19 and L858R are the most common genomic drivers of NSCLC that
409  are targetable with first-generation EGFR-TKIs, such as erlotinib and gefitinib. However, most
410  of the NSCLC patients treated with these EGFR-TKIs develop resistance to the treatment. Over
411 50% of the patients with acquired EGFR-TKI resistance harbor a secondary point mutationin
412  the EGFR kinase domain that substitutes threonine 790 by methionine (T790M) producing a
413  drug-resistant EGFR variant [77]. The need to overcome this resistance mechanism led to the
414  development of third-generation EGFR-TKIs, of which osimertinib is currently the only one
415  with regulatory approval. Osimertinib is an EGFR (T790M) mutant selective EGFR-TKI that
416  induces a similar gene expression signature as erlotinib and gefitinib (Supplementary Fig. 1c).
417  Itisreasonable to assume that osimertinib will induce similar effects on the 3D genome as the
418  ones described here for erlotiniband gefitinib. Thus, our results showing the effect of EGFR-
419  TKIs on different chromatin features provide the molecular basis for designing more specific
420  therapies targeting H3K4me3 broad domains, SE or Epromoters that will allow to induce the
421 expression of TSG. Building on this perspective, broad H3K4me3 domains have been linked
422  to increased transcription elongation and enhancer activity, collectively leading to the high
423 expressionof the TSG TP53 and PTEN [11]. Further, SE were found at key oncogenic drivers

424 and other genes that are important in tumor pathogenesis [24]. Interestingly, treatment of
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425  multiple myeloma cells with the BET-bromodomain inhibitor JQ1 led to loss of the
426  transcriptional coactivator BRD4 at SE and consequent transcription elongation defects, that
427  preferentially impacted oncogenes, including the MYC oncogene [78]. Another study by Lewis
428  and colleagues showed that deletion of a SE or specific degradation of its eRNA reduced the
429  expression of the SE-controlled PODXL gene, thereby suppressing cell proliferation,
430  migration, tumor growth, and metastasis in mouse xenograft models of triple-negative breast
431 cancer [79]. Moreover, Wang and colleagues found by integrating GWAS, expression
432  Quantitative Trait Loci (eQTLs) and 3D chromatin interactions that genetic variations at
433  Epromoters are associated with various cancer types [80]. It will be the scope of our future
434  work to determine the clinical relevance of targeting H3K4me3 broad domains, SE or
435  Epromoters using CRISPR—Cas9 gene-editing technology [81] either to reduce oncogene
436  expression, or to induce TSG expression as therapeutic strategy for NSCLC alone or as
437  combination treatment to improve the efficacy of treatment with EGFR TKIs.

438

19


https://doi.org/10.1101/2025.05.13.653883
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.13.653883; this version posted May 14, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

439  METHODS

440  Cell culture

441  Human NSCLC epithelial cells A549 (ATCC CCL-185) were cultured in complete RPMI 1640
442  medium supplemented with 10% FBS, 1% penicillin-streptomycin, and 2mM L-glutamine.
443  Cells were maintained at 37 °C, 5% CO; in a humidified incubator. During subculturing, cells
444 were washed with 1x PBS trypsinized with 0.25% (w/v) Trypsin and subcultured at the ratio
445  0of 1:5t01:10. The cell lines used in this paper are mycoplasma free. They were regularly tested
446  for mycoplasma contamination. In addition, they are not listed in the database of commonly
447  misidentified cell lines maintained by ICLAC.

448

449  Erlotinib treatment

450  A549 cells were cultured RPMI 1640 medium with standard 100 mm cell culture dishes.
451  Erlotinib hydrochloride (Sigma-Aldrich#SML2156) was dissolved in DMSO (Sigma-Aldrich
452  #34869) according to the manufacturer’s instructions and used at a final concentration of 5 pM.
453  The cells were treated with 5 uM erlotinib (Erlo) or DMSO as a control (Ctrl) for 48 h. After
454 24 h of treatment, the medium was replenished with fresh erlotinib to maintain consistent
455  treatment conditions.

456

457  Total RNA isolation and RNA sequencing data analysis

458  Total RNA from A549 cells were isolated using the RNeasy Mini kit (Qiagen), quantified using
459  a Nanodrop Spectrophotometer (ThermoFisher Scientific), and was subjected to total RNA
460  sequencing. RNA sequencing data for this paper were generated as previously described
461  [16,82]. Total RNA and library integrity were verified on LabChip GX Touch 24 (Perkin
462  Elmer). Sequencing was performed on the NextSeq500 instrument (Illumina) using V2

463  chemistry with paired end setup. Raw reads were visualized by FastQC
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464  (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) to determine the quality of the

465  sequencing. Trimming was performed using trimmomatic (version 0.39) [83] with the
466  following parameters LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 HEADCROP:5
467  MINLEN:15. High quality reads were mapped to the human genome (hg38) using Bowtie2
468  (version 2.4.4) [84]. SAM files were sorted and converted to BAM files using Samtools

469  (version 1.13) with the command samtools view -Sb -u (https://www.htslib.org/doc/samtools-

470  view.html). BAM files were converted to BED files using bedtools

471 (https://bedtools.readthedocs.io/en/latest/content/tools/bamtobed.html). After mapping, tag

472 directories were obtained with makeTagDirectory from HOMER (version 4.11.1)

473 (http://homer.ucsd.edu/homer/ngs/tagDir.html) using default settings [85]. Samples were then

474 quantified by using analyzeRepeats.pl (http://homer.ucsd.edu/homer/ngs/analyzeRNA.html)

475  from HOMER with the parameters (analyzeRepeats.pl rna hg38 -count genes -d Tag -rpkm;
476  reads per kilobase per millions mapped). To avoid division through zero, those reads with zero
477  RPKM were set to 0.001. Upregulated genes after erlotinib treatment defined for those genes
478  with a log2FC (Erlotinib/Control) > 0.5 and downregulated those genes with a log2FC
479  (Erlotinib/Control) < 0.5. Volcano and all box plots were generated using GraphPad Prism 8
480  software.

481

482  Chromatin immunoprecipitation (ChIP)

483  ChIP analysis was performed as described earlier with minor adaptations [21]. Briefly, cells
484  were cross-linked with 1% methanol-free formaldehyde (ThermoFisher Scientific) lysed, and
485  sonicated with Diagenode Bioruptor to an average DNA length of 300-600 bp. After
486  centrifugation, the soluble chromatin was immunoprecipitated with 2 pg of antibodies specific
487  for H3K4me3 (Abcam, #ab8580), H3K27ac (Abcam, #ab4729), and IgG (Santa Cruz, #sc-

488  2027). Immunoprecipitated chromatin was purified using the QIAquick PCR purification kit
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489  (Qiagen) and subjected to next-generation sequencing. TruSeq DNA library preparation Kit
490  (lllumina) was used to generate the ChIP libraries and sequenced using Illumina HiSeq 2500
491  system.

492

493  Cleavage under targets and tagmentation (CUT&Tag)

494  CUT&Tag experiments were performed as described previously [86], using the antibody
495  specific for H3K27me3 (Cell Signaling Technology, #9733). Briefly, 1 x 10° cells were
496  harvested, washed with wash buffer (20mM HEPES pH 7.5, 150 mM NaCl, 0.5 mM
497  spermidine), and immobilized to concanavalin A coated beads with incubation at room
498  temperature for 10 min. The bead-bound cells were incubated in 200 pul of primary antibody
499  buffer (wash buffer with 1% BSA, 2mM EDTA, and 0.05% digitonin for gentle
500  permeabilization of the plasma and nuclear membrane) with 1:100 primary antibody dilution
501  at4 °C by rotating overnight. The next day, the primary antibody buffer was removed and cells
502  were washed with 800 ul of dig-wash buffer (wash buffer with 1% BSA and 0.05% digitonin)
503 three timesto remove unbound antibodies. The cells were then incubated with guinea pig anti-
504  rabbit antibody (Novus Biologicals, NBP1-72763) in 200 ul of dig-wash buffer at room
505 temperature for 1 h with slow rotation. After a brief wash with dig-wash buffer as above, cells
506  were resuspended in 200 ul of dig-300 buffer (20 mM HEPES pH 7.5, 300 mM NaCl and
507 0.5 mM spermidine, 1% BSA and 0.01% digitonin) with 1:200 dilution of CUT&Tag-IT®
508  Assembled pA-Tn5 Transposomes (Active Motif, #53164) and incubated at room temperature
509  for 1 h with slow rotation. pA-Tn5-bound cells were washed with 800 pl of dig-300 buffer three
510 times, followed by tagmentation in 200 ul of tagmentation buffer (dig-300 buffer with 10 mM
511  MgCly)at 37 °C for 1 h. To stop tagmentation, and solubilize DNA fragments, add 10 pL 0.5M
512 EDTA, 3 uL 10% SDS and 2.5 pL 20 mg/mL Proteinase K were added to each sample and

513  mixed by full-speed quick vortexing, and further incubated at 63 °C for another 1 h to digest

22


https://doi.org/10.1101/2025.05.13.653883
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.13.653883; this version posted May 14, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

514  protein and to reverse cross-link DNA. Genomic DNA was extracted and purified QIAquick
515 PCR purification kit (Qiagen) and subjected to library preparation as indicated

516  (https:/www.protocols.io/view/bench-top-cut-and-tag) with minor adaptations. The libraries

517  were size selected by SPRI-bead-based approach after the final PCR with 18 cycles. In detail,
518  samples were 1st cleaned up by 1x bead:DNA ratio to eliminate residuals from PCR reaction,
519  followed by a 2-sided-bead cleanup step with an initial 0.6x bead:DNA ratio to exclude larger
520  fragments. The supernatant was transferred to a new tube and incubated with additional beads
521  in0.2x bead:DNA ratioto eliminate smaller fragments, like adapter and primer dimers. Bound
522  DNA samples were washed with 80% ethanol, dried, and resuspended in TE buffer. Library
523  integrity was verified with 2100 Bioanalyzer system (Agilent Technologies). TruSeq DNA
524 library preparation kit (Illumina) was used to generate the CUT&Tag libraries and sequenced
525  (paired-end) using lllumina HiSeq 2500 system.

526

527  Meta-analysis of NGS data (ChlP-seq, CUT&Tag, and ATAC-seq)

528  Raw reads of samples from ChlIP-seq, CUT&Tag, and ATAC-seq were visualized by FastQC

529  (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) to determine the quality of the

530  sequencing. Trimming was performed using trimmomatic (version 0.39) [83] with the
531  following parameters LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 HEADCROP:5
532  MINLEN:15. High quality reads were mapped to the human genome (hg38) using Bowtie2
533  (version2.4.4) [84]. For the CUT&Tag samples, the trimmed reads were mapped with bowtie2
534  settings (--local --very-sensitive --no-mixed --no-discordant --phred33 -1 10 -X 700). SAM
535  fileswere sorted and converted to BAM files using Samtools (version 1.13) with the command

536 samtools view -Sb -u (https://www.htslib.org/doc/samtools-view.html). Further, PCR

537  duplicated reads were removed using picard tools  (version 3.3.0)

538  (https://broadinstitute.github.io/picard/command-line-overview.html#MarkDuplicates).
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539  Duplicate-removed BAM files were converted to BED files wusing bedtools

540  (https://bedtools.readthedocs.io/en/latest/content/tools/bamtobed.html). The BED files were

541  further used to create tag directories using the function makeTagDirectory (default settings)

542  from HOMER (version 4.11.1) (http://homer.ucsd.edu/homer/ngs/tagDir.html). Reads Per

543  kilobase per million mapped reads (RPKM) normalized coverage tracks were generated using
544  deepTools (version 3.5.6) [87] with the bamCoverage function. Bedtools multicov

545  (https://bedtools.readthedocs.io/en/latest/content/tools/multicov.html) was used to quantify the

546  signal from BAM files that overlap with intervals specified in a BED file. Peak calling for
547  H3K4me3 was performed as described previously [12] using MACS2 (version 2.2.9) with
548  settings (callpeak -g hs -q 0.05 --broad --extsize 1000 --keep-dup 1 --nomodel) [88]. To define
549  H3K4me3 broad domains, summary statistics of peak sizes were initially analyzed. Peaks
550 larger than 2.7 kilobases (kb) were classified as broad domains, while those smaller than 1.9
551 kb were categorized as narrow domains. Peak calling for H3K27ac was performed with the
552  settings (callpeak -g hs -q 0.05 --broad —extsize 200 --keep-dup 1 --nomodel). Blacklisted
553  regions were subtracted from the peaks using bedtools intersect -v option

554  (https://bedtools.readthedocs.io/en/latest/content/tools/intersect.ntml). The peaks were then

555  annotated to the genomic regions of human genome with the function annotatePeaks.pl

556  (http://homer.ucsd.edu/homer/ngs/annotation.html) from HOMER. Aggregate or enrichment

557  plots and heatmaps to quantify ChIP-seq, CUT&Tag, ATAC-seq signals normalized by read
558  count per million mapped reads (RPMM) or RPKM were generated from deepTools using their
559  computeMatrix command followed by plotProfile or plotHeatmap functions or using the
560  function annotatePeaks.pl from HOMER

561  (http://homer.ucsd.edu/homer/ngs/quantification.html) with the parameters (annotatePeaks.pl

562  hg38 -size 2000 -hist 50 -d Tag -norm). The enrichment was quantified around the promoters
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563 at TSS + 1kb/TSS + 2kb, genome wide or at defined coordinates as indicated in the figures.
564  Quantified enrichment scores were used to generate box plots.

565  For the visualization of tracks, including BigWig or BedGraph tracks, peaks, and BED files,
566  as well as for generating snapshots, the Integrative Genomics Viewer (IGV) was used [89].
567

568  Definition of Super-Enhancers and Epromoters

569  To identify super-enhancers, H3K27ac ChlIP-seq signal and peaks were used as inputs for the
570  program Rank Ordering of Super-Enhancer (ROSE package) with default settings [68,78]. To
571  define Ctrl-specific and Erlo-specific super-enhancers, the respective peaks obtained using
572 MACS2 were used as inputs. The Ctrl peaks were called by using the Erlo BAM file as the
573  background, while the Erlo peaks were called by using the Ctrl BAM file as the background.
574  Epromoters were defined using the script described earlier, with minor adaptations [30].
575  H3K27ac ChIP peaks and promoters (1kb upstream from TSS) were used as inputs for the
576  script, and the Epromoters were crossed with FOXA2 peaks using bedtools intersect.

577

578  Definition of H3K27me3 broad domains

579  Peak calling for H3K27me3 broad domains was performed with the settings (callpeak -g hs -q
580  0.05 --broad --extsize 1000 --keep-dup 1 --nomodel). Then, peaks were then merged to a
581  maximum distance of 4 kb using bedtools with the option bedtools merge -d 4000

582  (https://bedtools.readthedocs.io/en/latest/content/tools/merge.html). To define H3K27me3

583  broad domains, summary statistics of peak sizes were initially analyzed. Peaks larger than 1.9
584 kb were classified as broad domains, while those smaller than 1.5 kb were categorized as
585  narrow domains.

586
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587  Chromatin conformation capture by in situ Hi-C followed by chromatin
588  immunoprecipitation (HiChlIP)

589  HiChIP experiments were performedas previously described [90] using antibodies specific for
500 H3K27ac (Abcam, #ab4729) with the following optimizations: 5—10 million cells were
591  crosslinked with 1% formaldehyde at room temperature for 10 minutes. Prior to restriction
592  digestion, sodium dodecyl sulfate (SDS) treatment was done at 62 °C for 10 minutes.
593  Restriction digestion with Mbol (New England Biolabs France, R0147M) was performed for
594  2hours at 37 °C. Before the fill-in reaction, Mbol was heat-inactivated at 62 °C for 10 minutes,
595  followed by two washing steps of pelleted nuclei using 1x fill-in reaction buffer. After the fill-
596  inreaction, ligation was carried out at 4 °C for 16 hours, ensuring effective proximity ligation
597  for subsequent steps.

598

599  HiChIP sequencing and data analysis

600  HiChIP libraries were sequenced in paired-end mode using the Illumina HiSeq 2500 system,
601  achieving a depth of over 100 millionread pairs (2 x 100 bp). HiChIP data analysis was done
602  as describe previously [12]. HiChlIP-seq paired-end reads were aligned to the human genome
603  (hg38), duplicate reads were removed, reads were assigned to Mbol restriction fragments,
604  filteredinto valid interaction pairs, and the interaction matrices were generated using the HiC-
605  Pro pipeline default settings [91]. The config file of the HiC-Pro was set to allow validPairs at
606  any distance from each other. HiC-Pro valid interaction reads were then used to detect
607  significant interactions using: (1) Tag directories were created using the function
608  makeTagDirectory from HOMER using the alignment BAM files from HiC-Pro output. The

609  command line is (makeTagDirectory Tag R1.bam R2.bam -tbp 1). (2) We used runHiCpca.pl

610  function from HOMER (http://homer.ucsd.edu/homer/interactions2/HiCpca.html) to perform

611  the chromatin compartment analysis (PCA) of the data with the command (runHiCpca.pl -res
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612 30000 -genome hg38 -cpu 8). (3) We used analyzeHiC from HOMER [92] to identify the

613  HiChIP interactions (http://homer.ucsd.edu/homer/interactions/) as follows analyzeHiC Tag -

614  res 10000 -cpu 8 -interactions -center -pvalue 0.05 -nomatrix. (4) And the interactions were
615 annotated to the human genome (hg38) using the function annotatelnteractions.pl from

616 HOMER (http://homer.ucsd.edu/homer/interactions/HiCannotation.html). (5) HiChIP

617  interaction hubswere generated using the analyzeHiC tool, and the interactions were annotated
618  to the human genome (hg38) with the annotatelnteractions.pl script, as described above. The
619  interactions were extracted in BEDPE format to determine the total number of interactions,
620  chromosomal distribution, and loop size. The loop size was represented as Log2 (size in
621  kilobases). (6) The annotated HiChIP interactions were filtered by (a) the peaks of H3K27ac,
622  then (b) with the reference of 746 upregulated genes, and (c) with the peaks of CTCF. The
623  filtered loops were extracted in BEDPE format and then visualized using IGV genome browser.
624  (7) The HiChIP contact matrices were generated using the all\ValidPairs output from HiC-Pro

625 and its  utilities  (https://github.com/nservant/HiC-Pro/blob/master/doc/UTILS.md).

626  Visualization of contact matrices was performed using Juicebox

627  (https://www.aidenlab.org/juicebox/) from Juicer tools [93] with the following command line

628  (hicpro2juicebox.sh -i .allValidPairs -g hg38.chrom.sizes -j juicer_tools.2.20.00.jar -r
629  Mbol_resfrag_hg38.bed) or with GENOVA package

630  (https://github.com/robinweide/ GENOVA) [94].

631

632  Statistical Analysis

633  Depending on the dataset, various statistical tests were conducted to assess the significance of
634  theresults. The values of the statistical tests used across different experiments are available in
635  the Source Data file. Additional details on the statistical analysis for specific experiments are

636  provided in the figures and figure legends. Briefly, RNA-seq, ChlP-seq, CUT&Tag, and
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637  HiChIP samples were analyzed using next-generation sequencing. For other experiments
638  presented here, samples were analyzed in triplicates, and experiments were performed three
639  times. Statistical analyses were carried out using Excel Solver and using GraphPad Prism 8
640  software. Data displayed in box plots represent a five-number summary. One-tailed or two-
641  tailedt-tests were employed to assess the differences between groups, with significance levels

642  denoted as follows: *P <0.05; **P <0.01; and ***P <0.001.

643  List of tools used for analysis
644  Online tools and open-source software were used for analysis and to create figure panels as

645 indicated. The Cancer Genome Atlas (TCGA) (https://www.cancer.gov/tcga) [95];

646  TCGADiolinks [96]; Tumor suppressor gene database (TSGeneHome); KEGG database;
647  ShinyGO 0.82 (ShinyGO 0.82); Juicebox Web App (Juicebox); MEME Suite [97]; JASPAR

648  database (JASPAR); eRNAbase [73]; cBioPortal [98]; GWAS catalog [99]; KM plotter [74];

649  Microsoft Office Suite; R (https://www.r-project.org/); and GraphPad Prism 8.

650

651  Data availability

652  The data that support this study are provided with this paper. Source data are provided with
653  this paper as a Source Data file. The sequencing data generated in this study have been
654  deposited in NCBI’s Gene Expression Omnibus database [100] under accession numbers
655 GSE29ABC, GSE29DFG, GSE29HIJ and GSE29KLM. Furthermore, we retrieved and used
656  publicly available datasets to aid analysis of our data. Supplementary Data 1 contains all data
657  sets used in this study.

658
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920 FIGURE LEGENDS

921  Figure 1: Erlotinib increases H3K4me3 broad domains associated with gene activation.
922 (@) RNA-sequencing in human lung adenocarcinomacells. A549 cells were treated with control
923  (DMSO) or 5 uM erlotinib for 48 h. Volcano plot represents the significance (-log10 P-values
924  after paired two-tailed t-test) vs. expression log2 fold change (log2FC ratios) between the
925  average of control (Ctrl) and erlotinib (Erlo) treated cells. Differentially expressed genes
926  (DEGs) of upregulated (up; n=746) and downregulated (down; n=256) genes were identified
927 by a cutoff of P <0.05. (b) Box plots of RNA-seq-based expression analysis of DEGs after
928 erlotinib. (c) Box plots of RNA-seqg-based expression analysis from TCGA of upregulated (up;
929  n=746) and tumor suppressor genes (TSG; n=34) in normal lung (Ctrl; n=59), patients with
930  non-small cell lung cancer (LC; n=1,050), and patients with lung adenocarcinomatreated with
931  erlotinib (LC+Erlo; n=22). (d) Gene set enrichment analysis (GSEA) of upregulated and
932  downregulated genes as identified in 1a. sig, signaling; EGFR resist, EGFR resistance. FDR,
933  falsediscoveryrate. (e) Box plots showing the levels of H3K4me3 in Ctrl or Erlo treated A549
934  cells genome-wide or at transcription start site (TSS -/+ 2kb). Bar plots showing the
935  distribution of H3K4me3 peaks (f) and bar plots displaying the broadness of H3K4me3 (g) in
936  differentgenomicregions at Promoters (Peaks -/+2 kb from TSS), Gene body (exon and intron
937  regionsoutside the -/+ 2 kb TSS), and Intergenic (peaks not located in previous regions) in Ctrl
938  or Erlo treated A549 cells. (h) Bar plot with the distribution of upregulated genes in the
939  H3K4me3 domains (45% broad; n=338, including 26 TSG, 17% narrow; n=128). (i) Box plots
940  showing the levels of H3K4me3 in the significantly upregulated or downregulated genes that
941  were separated into the indicated H3K4me3 domains (broad or narrow), and genomic regions
942  (promoter or gene body). In all box plots, values were normalized using RPKM, reads per
943  kilobase of transcript per million mapped reads or TPM, transcript per million; represented as

944  log2 RPKM + 1 or log2 TPM + 1. All box plots display the median (middle line), 25th and 75th
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945  percentiles (box), and 5th and 95th percentiles (whiskers). Statistical significance is
946  represented by asterisks: ***P <0.001; **P <0.01; *P <0.05; ns, non-significant. P-values
947  were calculated after two-tailed t-test (box plots) or two-tailed Fisher exact test (bar plots). See
948  also Supplementary Fig. 1 and Supplementary Fig. 2. Source data are provided as a Source

949  Data file.
950

951  Figure 2: Gene activation induced by erlotinib correlates with reduced H3K27me3 broad
952  domains. (a) Box plots showing the levels of H3K27me3 in control Ctrl or Erlo treated A549
953  cells genome-wide or at transcription start site (TSS -/+ 2 kb). Data were normalized using
954 RPMM, read count per million mapped reads. (b) Bar plots displaying the broadness of
955  H3K27me3 in different genomic regions at Promoters (Peaks -/+ 2 kb from TSS), Gene body
956  (exon and intron regions outside the -/+ 2kb TSS), and Intergenic (peaks not located in
957  previous regions) in Ctrl or Erlo treated A549 cells. (c) Distribution of 746 upregulated genes
958  based on H3K27me3 levels (63% decreased; n=470, including 24 TSG, 34% increased; n=256,
959 including 9 TSG, and unchanged; n=20). Values, z-score of the normalized read counts as
960 RPMM is obtained from annotatePeaks.pl from HOMER. (d) Box plots showing the levels of
961  H3K27me3 in the significantly upregulated or downregulated genes that were separated into
962  the indicated H3K27me3 domains (broad or narrow), and genomic regions (promoter or gene
963  body) in Ctrl or Erlo treated A549 cells. All box plots display the median (middle line), 25th
964  and 75th percentiles (box), and 5th and 95th percentiles (whiskers). Statistical significance is
965  represented by asterisks: ***P<0.001; **P <0.01; *P <0.05; ns, non-significant. P-values
966  were calculated using a two-tailed t-test (box plots). See also Supplementary Fig. 3. Source

967  data are provided as a Source Data file.

968
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969  Figure 3: Erlotinib activates enhancers and increases promoter-enhancer chromatin
970  loops. (a) Left, hockey stick plot after analysis using the ROSE algorithm and showing
971  distribution of normalized H3K27ac ChlP-seq signal across typical enhancers (TYE) and
972  super-enhancers (SE) in Ctrl (gray line) or Erlo (red line) treated A549 cells. Right, venn
973  diagram showing the Ctrl-specific (n=948) and Erlo-specific (n=1,038) SE. (b) Aggregate and
974  box plotsafter ChIP-seq in A549 cells showing the enrichment of H3K27ac and at Ctrl-specific
975  or Erlo-specific SE. Data were normalized using RPMM, read count per million mapped reads.
976  (c) Left, bar plots showing the distribution of H3K27ac peaks in different genomic regions at
977  promoters, gene body, and intergenic regions. Right, shows H3K27ac enrichmentin different
978  genomic regions represented as ratios of peaks (Erlo versus Ctrl) in A549 cells. (d) Top, box
979  plot showing the number of chromatin interaction hubs by H3K27ac-specific HiChlP-seq;
980  bottom, box plot showing the size of the loops (length in kilobases, kb) in Ctrl or Erlo treated
981  A549 cells. (e) Bar plot representing the total number of H3K27ac-specific chromatin
982 interactionsdistributed across the chromosomesinthe Ctrl and Erlo treated conditions. (f) Left,
983  bar plots show the number of H3K27ac-specific chromatin interactions grouped based on the
984  loop size as indicated (Mb; megabases, kb; kilobases). Right, squares represent the ratios of
985  loop size (Erlo versus Ctrl). (g) Bar plot showing the distribution of enhancers looping to 746
986  upregulated genes (42% loop to SE; n=312, including 14 TSG, and 39% loop to TYE; n=293,
987 including 10 TSG, unchanged). All box plots represent the median (middle line), 25th, 75th
988  percentile (box), and 5th and 95th percentile (whiskers). In all plots asterisks represent P-
989  values,***P <0.001; **P <0.01; *P <0.05; ns, non-significant. P-values were calculated after
990  two-tailed t-test (box plots). See also Supplementary Fig. 4. Source data are provided as a

991  Source Data file.

992
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993  Figure 4: Erlotinib increases promoter-enhancer chromatin loops enriched with CTCF
994 and the cohesin complex at their anchors. (a) Venn diagram showing the common
995 upregulated genes (n=214) from the three groups, namely H3K4me3 broad (n=338);
996  H3K27me3 decreased (n=470); and looping to enhancers (n=605). (b) Changes in chromatin
997  compartmentalization are visualized across a ~25Mb (Mb; megabases) window using
998  compartment scores (y-axis) derived from H3K27ac-specific HIChIP experiments in the Ctrl
999  and Erlo treated conditions. Upregulated genes in clusters are highlighted in green, and key
1000  tumor suppressor genes (TSG) are highlighted in red (NUAK1, DUSP1, and SLIT3). (c)
1001  Snapshots depict H3K27ac-specific chromatin contact matrices represented as pyramid plots
1002 comparing control (Ctrl, left) and erlotinib (Erlo, right) treated conditions at the top. Black dots
1003  within the pyramids represent the number of H3K27ac-specific interactions. Below the
1004  pyramid plots, ChIP-seq tracks illustrate factors of the cohesin complex (RAD21, SMC1A)
1005 and CTCF, along with CTCF peak annotations, and H3K27ac-specific chromatin loops. The
1006  visualizationspansa~2.5Mb window surrounding the promoters of key TSG (red triangle) and
1007  upregulated gene in clusters (bright green triangles). Co-enrichment of RAD21, SMC1A, and
1008  CTCF at TSG promoter is highlighted in red boxes, while upregulated genes are marked with
1009  brightgreenboxes. Regions looping to the promoters are indicated by orange boxes, illustrating
1010  chromatin interactions. The IGV genome browser was used for visualization. See also

1011 Supplementary Fig. 5.
1012

1013 Figure 5: Erlotinib increases chromatin accessibility at TSS and super-enhancers bound
1014 by pioneer transcription factor FOXA2.

1015 (@) Box plots from ATAC-seq showing the accessibility at the transcription start site (TSS -/+
1016  1kb) of 214 upregulated genes (top) or 34 tumor suppressor genes (TSG; bottom) in Ctrl or

1017  Erlo treated PC-9 cells. Data were normalized using RPMM, read count per million mapped
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1018 reads. (b) Motif analysis reveals significant enrichment of nucleotide motifs from 214
1019  upregulated genes and 34 TSG that show FOXA2 binding sites (indicated by magenta dotted
1020  boxes) as predicted using the JASPAR database. E value represents the statistical significance
1021 of the motif. (c) Aggregate and box plots showing the FOXA2 ChlP-seq enrichment at
1022 transcription start site (TSS -/+ 1 kb) of 214 upregulated genes or 34 TSG in A549 and NCI-
1023 H889 cells. (d) Similar to a, box plots from ATAC-seq showing accessibility at loci of super
1024  enhancers (SEs, n=1,038). (e) Similar to b, motif analysis highlights significant enrichment of
1025  nucleotide motifs at SE loci, revealing FOXA2 binding sites. (f) Similar to ¢, aggregate and
1026 box plots showing FOXA2 enrichment at SE loci. All box plots display the median (middle
1027  line), 25th and 75th percentiles (box), and 5th and 95th percentiles (whiskers). Statistical
1028  significance is represented by asterisks: ***P<0.001; **P<0.01; *P<0.05; ns, non-
1029  significant. P-values were calculated using a two-tailed t-test (box plots). See also

1030  Supplementary Fig. 6. Source data are provided as a Source Data file.
1031

1032  Figure 6: Erlotinib increases chromatin accessibility at Epromoters and enhancers bound
1033 by pioneer transcription factor FOXAZ2. (a) Genome browser snapshots of selected tumor
1034  suppressor genes (TSG) loci showing chromatin accessibility by ATAC-seq (blue) in Ctrl and
1035  Erlotreated PC-9 cells, FOXA2 ChiIP-seq in A549 (magenta) and NCI-H889 cells (gold). The
1036  tracks below depict Epromoters (red), eRNAs (arctic blue), CTCF peaks (black), and
1037  H3K27ac-specific chromatin loops in Erlo treated A549 cells. The visualization spans a
1038  ~2.5Mb window surrounding the promoters of key TSG (red triangle) and upregulated gene in
1039  clusters (bright green triangles). Co-enrichment of FOXA2 with ATAC-seq, Epromoter,
1040  eRNAs, and CTCF peaksat TSG promoter is highlighted in red boxes, while upregulated genes

1041 are marked with bright green boxes. Regions looping to the promoters are indicated by orange
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1042 boxes, illustrating chromatin interactions. The IGV genome browser was used for visualization.

1043  See also Supplementary Fig. 6.
1044

1045  Figure 7: Erlotinib increases chromatin accessibility at Epromoters bound by pioneer
1046  transcription factor FOXA2. (a) Box plots from ATAC-seq showing the accessibility at
1047 Epromoters (n=139) in Ctrl or Erlo treated PC-9 cells. Data were normalized using RPMM,
1048  read count per million mapped reads. (b) Motif analysis reveals significant enrichment of
1049  nucleotide motifs Epromoters that show FOXA2 binding sites (indicated by magenta dotted
1050  boxes) as predicted using the JASPAR database. E value represents the statistical significance
1051  of the motif. (c) Aggregate and box plots showing the FOXA2 ChlP-seq enrichment at
1052  Epromotersin A549 and NCI-H889 cells. (d) Box plots of RNA-seq-based expression analysis
1053  of upregulated genes (left; n=746, middle; n=214) and tumor suppressor genes (TSG; n=34) in
1054  the control (Ctrl) or siRNA construct specific for FOXA2 (siFOXA2). All box plots display
1055  the median (middle line), 25th and 75th percentiles (box), and 5th and 95th percentiles
1056  (whiskers). Statistical significance is represented by asterisks: ***P<0.001; **P<0.01;
1057  *P <0.05; ns, non-significant. P-values were calculated using a two-tailed t-test (box plots).
1058  See also Supplementary Fig. 6. Source data are provided as a Source Data file.

1059

1060  Figure 8: Gene expression signature induced by erlotinib can be used for diagnosis and
1061  prognosis of LUAD patients. (a) Principal Component Analysis (PCA) plots from
1062  highlighting the differences in gene expression patterns among three sample groups from
1063  TCGA: Lung Squamous Cell Carcinoma patients (LUSC; n=519, blue squares), Normal lung
1064  samples (Normal; n=59, green circles), and Lung Adenocarcinoma patients (LUAD; n=539,
1065  brown triangles). The left PCA plot illustrates data distribution along Dim1 (92.2% variance)
1066  and Dim2 (5.6% variance) for the 746 upregulated genes, while the right PCA plot shows
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1067  distribution along Dim1 (90.7% variance) and Dim2 (7.1% variance) for the 214 upregulated
1068  genes. (b, ¢, d) Pie chart showing the distribution of 960 single nucleotide polymorphisms
1069  (SNPs) across 34 tumor suppressor genes (TSGS) in various cancers. The segments represent
1070  different cancers, with lung cancer showing the highest proportion of SNPs (26%, n=246),
1071 followed by other cancer types. In c, the radar plot visualizes the 246 SNPs across different
1072 lung cancer types, including LUAD (n=152), LUSC (n=49), Large cell carcinoma (n=23),
1073 SCLC (Small Cell Lung Cancer, n=18), and atypical carcinoid (n=4). In d, bar plot illustrates
1074  the types of mutations in lung cancer, the mutation categories include fusion, splice site,
1075  frameshift, nonsense, and missense as indicated. (e, f) Pie chart showing the distribution of 164
1076 ~ SNPs across super enhancers (SEs; n=1,038) in various cancers. The segments represent
1077  different cancers, with lung cancer showing the highest proportion of SNPs (22%, n=36),
1078  followed by other cancer types. In f, the radar plot visualizes the 36 SNPs across different lung
1079  cancer types, including LUAD (n=16), LUSC (n=7), Large cell carcinoma (n=6), SCLC (n=4),
1080 and other LC types (n=3). (g) Kaplan-Meier survival curves illustrating overall survival of
1081  patients based on the expression of 34 TSGs across different lung cancer types. Survival
1082  probabilities are represented for all lung cancer patients (left), LUAD patients (middle), and
1083  LUSC patients (right). Patients with high TSG expression (red curves) show distinct survival
1084  patterns compared to those with low expression (black curves). Lung cancer (HR = 0.62, P =
1085  2.5e-10, mediansurvival inmonths: high expression vs. low expressionis 99.43 vs. 52), LUAD
1086 (HR = 0.51, P = 8.9e-08, median survival in months: high expression vs. low expression is
1087  125.7vs. 69), and LUSC (HR =0.96, P =0.75, median survival in months: high expression vs.
1088  low expressionis 57 vs. 58). HR, hazard ratio. See also Supplementary Fig. 6. Source data are

1089  provided as a Source Data file.

1090

45


https://doi.org/10.1101/2025.05.13.653883
http://creativecommons.org/licenses/by-nc-nd/4.0/

a DEGs after Erlotinib b h H3K4me3 domains AJuBA
RNA-seq RNA-seq from TCGA H3K4me3 ChlP-seq /BCL2L11
5- Bdown unchanged Mup M Broad " Narrow ; CADMI
(n=256) (n=746) 101 *kk 10 Fxk kkk 0.48 Ckkk )
St a Y] ) ! FLNA
< 4- . . o S € 0.46 o = ! FOXP1
S P a5 © o /  GADD45B
= o + 01 - <5 O c % © / IGFBP7
S 34 .. = + ~ o 0.44 N ; JDP2
25 ¥ s 0] NKX2-8
S o -10 a -10 S 7042 5 NUART
o 2- X ad = 20 = 25 c PCDHO9
. : * N k% N *x Fkk ra © ns o PLCEL
S A S¢” & Q0 T - R 20{ = E e
o - g (=== = z i
=0 < 0 0 15{—T 0 SESN2
0 ' ' ' ™ n a) SLIT3
4 2 10 2 4 10 - i
log2FC (Erlotinib ¥s. Control) Ctrl  Erlo Ctrl LC LC+Erlo Cil Erlo __Uncse
d ooy g _ i _
_ —— | oq10 MPromoter M Gene body H3K4me3 domains H3K4me3 Broad domains
P"?_'I:ég S99 2 ) FOSR M Intergenic W Broad ™ Narrow Promoter Gene body
nI\;IAPK z:g ® H3K4me3 Promoter Gene body Intergenic 4 kA 4 ko
g 1.8 ~16 |
] —~10] 3 _T 3
Apoptosis @ 1.4 S > o
TGFB sig * B> X = -2 == ﬁ
NFkB sig ® ' e Py s 1 14
EGFR resist; ] 0.8 < X s 0
Cancer pathways{ @ Gene e g [ a 3
Wntsig{ @ number o a5 x ns
TNF sig| e <5 ° ° S 3 2
IL-17 sig|{ e 0<10 2 9 3 2 %
Glycolysis|{ e :s15 E = . © 1
' ] >20 > ns
Basal carcinoma{__e | > Z -- 0 0
down up Ctrl  Erlo Ctrl Erlo Ctrl Erlo Ctrl Erlo Ctrl Erlo Ctrl Erlo

Figure 1


https://doi.org/10.1101/2025.05.13.653883
http://creativecommons.org/licenses/by-nc-nd/4.0/

H3K27me3 CUT&Tag

)
S

o
c
&,

O
0.7

RPMM
TSS £ 2kb

@)

=
(=)

Number of Peaks (x103)
1

I
0

1.2

1.0

L
Lo

Z score (RPMM)

H3K27me3 levels in 746 up genes
M Decreased M Unchanged

Increased,

Ctrl Erlo -1.5

H3K27me3 domains
HBroad ! Narrow
Promoter Gene body Intergenic

| Lo ||

Erlo Ctrl Erlo Ctrl

ns
Erlo

Ctrl

1.5

\
\

\

’
4
’

+BCL2L11
CADM1
CDH4
CHD5
DUSP1
ETS2
GADD45B
IGFBP7
JDP2
MOB3B
NKX2-8
NUPR1
PAX6
PCDH9
PLCE1
PMAIP1
PRICKLE1
RBMS3
SAMDOL
SESN2
SLIT3
TES

YUNC5C

H3K27me3 Broad domains

up genes

Promoter

Gene body

**k*

10

L

*

Ctrl Erlo

Ctrl

Erlo

Figure 2



https://doi.org/10.1101/2025.05.13.653883
http://creativecommons.org/licenses/by-nc-nd/4.0/

a
6e+4
T
S Sde+d
N'®
C_U (@]
X
% % 2e+4
T
0

o

H3K27ac HiChIP-seq

H3K27ac ChlP-seq
Rank Ordering of Super Enhancers

Ctrl M Erlo

Ctrl 1,649

948 ----->

1,649

1,739 —

1,038 --/--->

Erlo 1,739

le+4 2e+4 3e+4

Ctrl M Erlo

=
N

Log2

A 00

N
(¢]
+
(€]

gt

=
D
+
a1

ol

Log2
(length in kb) (no. of hubs)

R P NN
o1 O

o

No. of interactions

o

b

20
10

0
30

15

H3K27ac levels in SE

30
*k%k
A [
0
40
*k*%
20

Ctrl Erlo

N
D
+
N

No. of interactions

— -

=
e8]

o
©

Number of Peaks (x10%)

0
Ctrl

H3K27ac HIiChIP  Erlo vs.Ctrl

W>2Mb

M>0.5Mb
to 2Mb

>50kb

to 0.5Mb

B<50kb

Erlo-1.7 0 1.7

C mPromoter B Gene body M Intergenic

Erlo vs.Ctrl

Erlo-1.5 0 1.5

Enhancers looping to
746 up genes

BMSE "TYE
/BCL2L11
 DUSP1

39% |/ ETS?2
(1=293))/ . /\opuse
incl. ' IDP2

10 TSG
SLIT3

Figure 3


https://doi.org/10.1101/2025.05.13.653883
http://creativecommons.org/licenses/by-nc-nd/4.0/

ad H3K4me3 H3K27me3 b chr12:93,324,937-119,242,224 (~25Mb)
, 1.9
sed (470) N g i _1.3]5.‘.‘_"‘1"““ A‘Ctrl
< 2! 19] . Ao MM, .. 8
O 8 43 L A A Al rio
Tg! ' ILlulAKl
[S) I
S % chr5 155,993,233-181,538,259 (~25Mb)
% gg _ ]mvwnfmcm
T 8 ]w.m Erlo
Loop to H3K27ac H| L8 I | |
enhancers (605) SLITS  DUSPL
C
H3K27ac HIChIP chr12:103,796,613-106,684,112
Ctrl Erlo
s o .
e | 35? | s ;
114Mb I I I 116I.5Mb llAMl) ] I
RADZlMﬂLpH PR 11 O IO U1 111 R TV A 0 A Y
SMC]—W PR [} TV | T | P whak LA gt bl L Y T——
0-50]

CTCF [N R S ey 1Y e A8 T 1111
CTCF peaks! [ [[Il' H_ LT I; e LI \II\IH R NRRUy y|I TIRNAN N
H3K27ac loops \ XSS\ \\‘ e NN
upregulated > 4 < NUAK1 > <« « NUAK1

H3K27ac HIChIP chr5:171,857,412-174,547,411
Ctrl Erlo
Jr_ B I o % 7" ‘ I s, i“‘ »;_{-h R mll
172Mb 174. 5Mb 172Mb 174.5Mb

RADZ]‘I ull | l;.a‘ " LU Ly I.l L.lh.ll‘ [[011(*;] I LI|| | boula |l L;lLLlll h l
0:6!

SMC1A Qb bl P L TR 11 (O I B
018

CTCF TN T P WU AN Lu . pr___#
cror peakst TR )
H3K27ac loops N — N
upregulated busP1 4 K puspL ¢ b 4

H3K27ac HiChIP il chr19:1,128,905-3,826,364

3.5Mb 1.5Mb

JnhMLAMM_]l JUII.J|| |l|IL o bl Ll
Mul l;l.ljll{ L|l L]..LJA

15Mb
RAD21 _J,Mll bl | Dtk a1 &

SMC1A ool tho Ui

CTCF | X
CTCF peaks HITTTIT WAt eyl (i

H3K27ac loops N

upregulated < P GADD45B < »ocropsss  Figure 4

L ! JLI‘J| L‘L y JJMIM[JLLMLLMLI
BT OEPETTNCT O ||||H |_||H | .|.H“‘:-‘\'|‘| “H|.‘ I TATEOOm


https://doi.org/10.1101/2025.05.13.653883
http://creativecommons.org/licenses/by-nc-nd/4.0/

QD

ATAC-seq b FOXA2 binding motifs C FOXA2 ChiIP E A549 W NCI-H889

w
o

N
¢

. 24up

>*
>*
*
e\

l A _kkk
......... /\2+
+

: —w

_214up
w

Evalue Evalu

2.0e-161 6.5e-139
="

: =

i [r—
I—6a
p—-=a
[} |
h——a
==
=
==
p-J
|
o— o
- >
-hr.:-
B
:('l—l
e
L= T

[ERN

N
»O

RPMM (TSS * 1kb)
N
Q

. 34TSG_

=
@

J\Zﬁé

A M~

RPMM (TSS + 1kb)
[00]

*
*
I *
e
1.4e-047
—
> \ I
e | »
i = - )
— ;
< >
D>
?E?—
< >
==
< >
—i
—
)
'44
- — ] S
»
0
< >
0-0
o =

34TSG___
I

E value E valu
1.6e-026 1.4e-
- [ 3
= i
= :
- 1
i
< |

1
sl |
Q) !
) o |
[ =
-
|
40O
>
[om —
< >
—a

o

0
Ctrl Erlo f -0.5kb  TSS 0.5kb
FOXA2 ChiIP B A549 I NCI-H889

>
>
O
0
@
o
M
-
O
X
>
RO
o
=X
o
=
@
3
2
7

IS
oy

RPMM
_SE(1.038)

_ED_
[*2]

ol

| O T A [
L ERCQTTHTGRAATTE G ™ =\ -

Figure 5


https://doi.org/10.1101/2025.05.13.653883
http://creativecommons.org/licenses/by-nc-nd/4.0/

chr12:103,796,613-106,684,112

Ctrl

et i

ATAC

Erlo

A549

H889

FOXA2

bl

Epromoter
eRNAs
CTCF peaks

H3K27ac loops
Erlo

up

Ctrl

ATAC

Erlo

A549

FOXA2

H889

Epromoter
eRNAs
CTCF peaks

H3K27ac loops
Erlo

up

Ctrl

ATAC

Erlo

A549

FOXA2

H889
Epromoter

eRNAs] [l

CTCF peaks

H3K27ac loops
Erlo

up

[0-100]

i

|M

I

Ll

ul

Lid.

l.lll.l |I]|‘I J Ll

Li

1 l_L 2

ol

chr19:1,128,905-3,826,364

[0-25]

U ile

AN

L

Ll

Al 1

IR

[0-23]

ik

[0-50]

[0-50]

L.

N JL n

TY IRy Y

.J..J.LIL.J

GADD45B

Figure 6


https://doi.org/10.1101/2025.05.13.653883
http://creativecommons.org/licenses/by-nc-nd/4.0/

QD

ATAC-seq FOXAZ2 binding motifs
:_;2.5- - P 5 ™ Y !
Q: - © . oal i
2 el oo AT
QO O ;| o
o LIE}ils % g . -
ESTAC TGN, ieo50ACCe,
Ctrl Eflo  TTTTTTTTTTTCT
c FOXA2 ChIP M A549 ™ NCI-H889
|18 6 *kk
!
% o!
o g ° 3
x s
W,
oe— —_—
-0.5kb FOXA2 0.5kb
d center
746 up 214 up 34 TSG
< 10 ik 10 *% . _*
o =
D v
I2 9 01 0
2C ES
g -101 7 1
_1 - _
0 Ctrl siFOXA2 Ctrl siFOXA2 Ctrl siFOXA2

Figure 7



https://doi.org/10.1101/2025.05.13.653883
http://creativecommons.org/licenses/by-nc-nd/4.0/

=/ LUSC (n=519) [®! Normal (n=59) 4] LUAD (n=539)

PCA analysis for 746 up PCA analysis for 214 up
1 J 1 gh :
< /. an <
) Ty = >
go---—#--*-a:; [N | EEESEEEREC TR S Y S S et YOl
N v 3\ "
E NS -‘E
O e 1
-1
25 : -2.5 0 2.5
Dim1 (92.2%) Dim1 (90.7%)
b C d
960 SNPs in 34 TSG across cancers Lung cancer types Mutation types
Ovarian LUAD 2% Fusion
: % Splice site
g Frameshift
. . Nonsense
LUSC;{::‘-"‘::_-:“_,' ‘:'-_.‘::*.::::'_-‘.._Atyp.lCa.l ]
LT =377 /carcinoid Missense
Prostate i
Largecell T SCLC
Breast carcinoma
e f
164 SNPs in SEs across cancers Lung cancer types
LUAD
Ovarian Lung ; ‘::,_
LUSCy - o\, 2 Other LC
Skin /119 T h p: 7/ / subtypes
16% rostate N o—""
Colorectal ™ ¢ Largecell ~  SCLC
carcinoma .
Breast Figure 8
g Overall survival of patients based on the expression of 34 TSG
Lung cancer LUAD LUSC
1.07 HR =0.62 HR =0.51 HR = 0.96
P =2.5e-10 P = 8.9e-08 P=0.75
0.8
2
S 0.6
@
Qo
2 0.4
o
0.2 Expression
— low
oi__high

0 50 100 150 200 250 O 50 100 150 200 O 50 100 150 200 250
Time (months) Time (months) Time (months)


https://doi.org/10.1101/2025.05.13.653883
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Folie 1
	Folie 1
	Folie 1
	Folie 1
	Folie 1
	Folie 1
	Folie 1
	Folie 1

