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Abstract  32 

Colorectal cancer is the fourth cause of death from cancer worldwide mainly due to the high 33 

incidence of drug-resistance. During a screen for new actionable targets in drugresistant 34 

tumours we recently identified p65BTK - a novel oncogenic isoform of Bruton’s tyrosine 35 

kinase.  Studying three different cohorts of patients here we show that p65BTK expression 36 

correlates with histotype and cancer progression.  Using drug-resistant TP53-null colon 37 

cancer cells as a model we demonstrated that p65BTK silencing or chemical inhibition 38 

overcame the 5-fluorouracil resistance of CRC cell lines and patientderived organoids and 39 

significantly reduced the growth of xenografted tumours. Mechanistically, we show that 40 

blocking p65BTK in drug-resistant cells abolished a 5-FUelicited TGFB1 protective 41 

response and triggered E2F-dependent apoptosis. Taken together, our data demonstrated 42 

that targeting p65BTK restores the apoptotic response to chemotherapy of drug-resistant 43 

CRCs and gives a proof-of-concept for suggesting the use of BTK inhibitors in combination 44 

with 5-FU as a novel therapeutic approach in CRC patients.  45 
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Introduction  48 

Colorectal cancer (CRC) is the fourth leading cause of death from cancer worldwide [1]. 49 

The standard therapeutic approach is represented by surgery combined with radiotherapy 50 

and/or chemotherapy, depending on tumour site and progression of disease [2–4]. 5-51 

fluorouracil (5-FU) is the main chemotherapeutic agent for advanced CRC and — when 52 

used in combination (doublet or triplet plus bevacizumab or antiEGFR) – initial responses 53 

are up to 55–65% [5–8]. However, despite significant progress regarding early detection 54 

and treatment of colorectal cancer, a high proportion of patients rapidly become drug-55 

resistant and eventually succumb to metastatic disease [9]. A main cause of drug-resistance 56 

is the loss/ inactivation of the TP53 tumour suppressor gene [10], occurring in the vast 57 

majority of advanced stage CRCs [11]. Identification of new therapeutic approaches to 58 

target 5-FU-resistant CRC is of utmost importance to obtain further improvements in 59 

advanced CRC survival.   60 

Bruton’s tyrosine kinase (BTK) is 77 kDa non-receptor tyrosine kinase playing a 61 

pivotal role in B-cell physiology where it transduces activation, proliferation, maturation, 62 

differentiation and survival signals [12]. Due to its hyper-activation in autoimmune disease 63 

and over-expression in some B-cell neoplasia, BTK emerged as a molecular target [13] 64 

leading to the approval of ibrutinib - the first specific inhibitor - for the treatment of certain 65 

types of B-cell malignancies [14]. In recent years, expression of BTK or of an 80 kDa isoform 66 

has been reported in solid tumours such as neuroblastoma, glioblastoma, oesophageal, 67 

breast and prostate cancers where its inhibition reduces cell viability [15–19].  68 

We found BTK in a screen aimed at identifying kinases whose activation sustains 69 

resistance to 5-FU in CRC cells lacking TP53 [20] and identified p65BTK as a novel isoform 70 

expressed in CRC [21]. We demonstrated that only the p65BTK-encoding, but not p77BTK-71 

encoding mRNA, is expressed in colonic tissue where, accordingly, only the p65BTK protein 72 



is present [21]. Successively, we found p65BTK expression also in glioblastoma [22] and 73 

NSCLC [23].  p65BTK mRNA is transcribed from a different promoter, contains a different 74 

first exon and its translation produces a protein lacking the first 86 N-terminal amino acids, 75 

corresponding to the majority of the Pleckstrin Homology domain. Notably, structural studies 76 

indicated that the lack of the N-terminal leads to increased levels of spontaneous p65BTK 77 

activation [24]. Despite that p65BTKencoding mRNA is expressed at very low levels, the 78 

protein is very abundant due to RAS/MAPK pathway-mediated translational regulation [21, 79 

23]. In addition, p65BTK is a potent oncogene product acting downstream of RAS and an 80 

obligate effector of RASmediated transformation, and its targeting by BTK inhibitors has an 81 

anti-proliferative effect on CRC cell lines [21].   82 

Here we show that the vast majority of CRC patients express medium to high p65BTK 83 

levels that significantly increase with the grade of CRC, and that BTK inhibitors sensitize 84 

drug-resistant TP53-null colon cancer cell lines, patient-derived organoids and xenografts 85 

to 5-FU. Mechanistically, we prove that inhibiting p65BTK in the presence of 5-FU blunts 5-86 

FU-induced TGFB1-mediated transcription and induces E2F-mediated transcription. As a 87 

consequence, a 5-FU-elicited TGFB1 protective response is abolished and E2F-dependent 88 

apoptosis is triggered. Taken together, these results reveal a role for p65BTK in sustaining 89 

drug-resistance in TP53-null CRCs and suggest that administration of BTK inhibitors in 90 

combination with 5-FU in CRC patients is worthy of consideration   91 

Methods   92 

Details of reagents, Taqman primers, cell culture protocols, antibody information and the 93 

ELISA protocol are provided in Supplementary material, supplementary Materials and 94 

methods.   95 



Cell death assays  96 

Cells were seeded overnight in triplicate at 60–70% confluence. The following morning they 97 

were treated or not with the indicated concentrations of drugs or combination of drugs. Cell 98 

death was evaluated by Trypan blue exclusion after 72 h treatment. For exvivo experiments, 99 

100 organoids/well were plated in 5 µl of Geltrex (Thermofisher, Breda, The Netherlands) 100 

in a 96-well plate, in triplicate, adding 100 µl of specific medium, with or without drug(s). At 101 

time 0 and after 72 h, viability was evaluated using the CellTiter-Glo® Luminescent Cell 102 

Viability Assay (Promega, Leiden, The Netherlands) following the manufacturer’s 103 

instructions. Results were expressed as the percentage change relative to the initial cell 104 

number (T0). All cell death assays were repeated 3 times (n=3).  The Combination Index 105 

(CI) was calculated as reported by Giordano et al [23]. For details see supplementary 106 

material, Supplementary materials and methods.  107 

Luciferase reporter assays  108 

2×104 cells/well were seeded in quadruplicate on Cignal™ Finder (Qiagen, Milan, Italy) 96-109 

well plates for reverse transfection according to the manufacturer's protocol. Medium was 110 

changed after 48 h and cells treated with 200 µM 5-FU, 20 µM ibrutinib or their combination 111 

for 4, 8 and 16 h. Cells were lysed, and luciferase expression determined by Nano-Glo® 112 

Dual-Luciferase® Reporter Assay System according to the manufacturer's protocol 113 

(Promega, Milan, Italy). Reporter assays were repeated 3 times for each time point (n=3). 114 

Results are plotted as fold-change, calculated as the ratio: values of treated cells/values of 115 

untreated cells, and where the value of untreated cells is set at 1.  116 



RT-qPCR assays  117 

Total RNA was extracted using TRIzol reagent (Invitrogen, Thermofisher, Monza, Italy), 118 

followed by clean up using RNeasy Mini/Midi Kits (Qiagen, Milan, Italy). One microgram of 119 

RNA from HCT116p53KO treated with 200 μM 5-FU, 20 μM ibrutinib or their combination 120 

for different times was reverse transcribed using a RevertAid H Minus First Strand cDNA 121 

Synthesis Kit (Thermofisher) in a final volume of 20 μl. An aliquot of the resulting cDNA (1 122 

μl) was diluted 1:100 and used for qPCR assays performed in 25 μl reactions containing 123 

12.5 μl 2x TaqMan Master Mix (Applied Biosystems,  124 

Thermofisher), 1 μl of TaqMan Assay (Applied Biosystems). Assays were loaded in triplicate 125 

and included in each 96-well assay plate were control qPCR reactions for GAPDH were 126 

used as a reference for normalisation. The default ABI StepOnePlus  127 

System amplification conditions were used. The comparative CT method (2−ΔΔCT) method 128 

was used for expression analysis. The experiment was repeated twice (n=2).   129 

Somatic mutation PCR assay  130 

DNA was extracted from pelleted cells using the DNeasy Blood & Tissue Kit (Qiagen). The 131 

Human Colon Cancer qBiomarker Somatic Mutation PCR array (Qiagen) was used to detect 132 

the most frequent somatic mutations in human colon cancer samples. DNA  samples (0.5 133 

μg) were added to the reaction mix and to the array and the PCR cycling  134 

conditions were set according to the manufacturer's instructions. The 2−ΔΔCT method 135 

was used for the mutation analysis as suggested by the kit instructions.  136 

Western blotting analysis  137 

Protein extracts were prepared using high-salt lysis buffer (HEPES 50 mM, pH 7.5, NaCl 138 

500 mM, DTT 1 mM, EDTA 1 mM, 0.1% NP40) supplemented with 1% protease inhibitor 139 

cocktail (Sigma-Aldrich, Milan, Italy). Cell and tissues lysates (10–20 μg) were separated 140 



on 10% NuPAGE gels (Invitrogen, Thermofisher, Monza, Italy), transferred onto a 141 

nitrocellulose membrane and incubated with antibodies according to standard protocols.  142 

Patients  143 

p65BTK expression levels were measured by ELISA in samples from two cohorts of patients 144 

and by immunohistochemistry (IHC) in samples from a third cohort. Samples analysed by 145 

ELISA derived from cohorts of patients with a clinical diagnosis of colon cancer, 146 

consecutively admitted to the Department of Surgery, Oncology and Gastroenterology, 147 

University of Padua (n=61, Tumour Biobank Program P448, Dept of  148 

Surgery, Oncology and Gastroenterology, University of Padua - Italy) and to Desio Hospital 149 

(n=19), respectively. All samples were classified by a pathologist by Grade (13) and by 150 

Stage (I-IV). Samples analysed by IHC were obtained from a cohort of patients (n=174, 151 

CRO-Biobank facility) with a clinical diagnosis of colon cancer consecutively admitted to the 152 

CRO Aviano-IRCCS, National Cancer Institute, Aviano, and classified as Stage I-III. 153 

Patient’s samples were collected after informed consent in accordance with the Declaration 154 

of Helsinki and after approval by the Ethics Committee of the University of Milano-Bicocca, 155 

by the local Ethics Committee of the Integrated University Hospital Trust of Padova and by 156 

CRO Aviano’s Ethics Committee and Internal Review Board.  157 

Immunohistochemistry (IHC)  158 

FFPE tumour samples were prepared and slides probed with anti-p65BTK BN30 polyclonal 159 

antibody according to standard IHC procedures. BN30 polyclonal antibody production and 160 

characterization was described previously [23]. Staining intensity and percentage of positive 161 

tumour cells were evaluated as absent, weak+, moderate++, or strongly positive+++;  and 162 

0: score 0; 1-25%: score 1; 26-50%: score 2; 51-75%: score 3; 76-100% score 4, 163 

respectively.   164 



ELISA  165 

Snap-frozen specimens were lysed in RIPA buffer and p65BTK levels were measured by a 166 

competitive ELISA, set up with the polyclonal antibody BN33 (IgG fraction), using the 167 

corresponding peptides conjugated to ovalbumin for plate coating, as well as standards. 168 

For details see supplementary material, Supplementary materials and methods.  169 

Xenografting  170 

All animal experiments were carried out accordingly to Directive2010/63/EU and Italian 171 

D.Lgs.116/1992 on animal use for scientific purposes and according to a protocol approved 172 

by the local ethical committee of Takis, srl, Rome, Italy (the contract research organisation 173 

where the experiments were performed). Tumours were established in CD1 nude mice as 174 

described [20]. When HCT116p53KO xenografts reached the average volume of 100 mm3 175 

(day 7 post-engraftment), animals were randomised (6/group) and given vehicle or ibrutinib 176 

25 mg/kg (oral gavage, 5 days/week); 5-FU was given IP twice per week. The treatments 177 

were continued for 3 weeks, with the tumours monitored daily and measured with callipers 178 

once per week.   179 

Statistical analysis  180 

For in vitro and ex vivo experiments, results were analysed using two-tailed Student’s ttests. 181 

For In vivo experiments, statistical significance was determined using a Kruskal– Wallis 182 

non-parametric test (normal distribution not assumable), followed by a Nemenyi– Damico–183 

Wolfe–Dunn test for multiple pairwise comparisons between groups. In all cases, a P value 184 

<0.05 was considered as significant.   185 

Results p65BTK expression correlates with histotype and cancer 186 

progression.   187 



To assess the expression of p65BTK in tumour tissues, we developed and validated 188 

specific polyclonal antibodies for this isoform that did not cross-react with p77BTK 189 

(supplementary material, Figure S1) [23]. We quantified p65BTK expression in three 190 

different cohorts of colon cancer patients: samples from two cohorts of 19 and 61 CRC 191 

patients were analysed by ELISA and those from a third cohort of 174 CRC patients were 192 

analysed by IHC performed on FFPE sections. Interestingly, ELISA analysis of 193 

normal/tumour sample pairs showed that p65BTK expression levels significantly increased 194 

with histological tumour grade (Figure 1A), suggesting an inverse correlation between 195 

p65BTK expression levels and cellular differentiation. Accordingly, we found p65BTK 196 

expressed also in FACS-purified CD133+ colon cancer stem cells (CSC) [25] and CSC-197 

enriched organoids prepared from CRC patients’ tumour tissue (Figure 1B). p65BTK 198 

expression was found in adenoma and adenocarcinoma but not adenosquamous 199 

carcinoma (Figure 1C).  200 

A more detailed analysis of p65BTK expression was performed on a third cohort 201 

using IHC, which was scored on the staining intensity (absent, weak, moderate, or strongly 202 

positive) and the percentage of stained tumour cells in the sample (Figure 1D). We found a 203 

medium-to-strong intensity (++/+++) of p65BTK staining in 34/43 (79.1%) samples from 204 

Stage I patients, in 36/44 (81.8%) samples from Stage II patients and in 57/87 (65.5%) 205 

samples from Stage III patients (Figure 1E, left). In detail, only 2/43 samples (4.7%) from 206 

Stage I patients did not express p65BTK, positive cells ranged from 1 to 30% in 2/43 207 

samples (4.7%), from 30 to 70% in 13/43 samples (30.2%) whereas in the remaining 26/43 208 

samples (60.5%) the percentage of cell expressing p65BTK ranged from 71 to 100%. Only 209 

1/44 sample (2.3%)  from Stage II patients was p65BTK-negative; 7/44 (15.9%) showed 1–210 

30% p65BTK-stained cells, 6/44 (13.6%) had 31–70% positive cells and in the remaining 211 

30/44 samples (68.2%) 71–100% cells expressed p65BTK. 8/87 samples (9.2%) from 212 

Stage III patients did not express p65BTK, in 12/87 samples (13.8%) the percentage of 213 



p65BTK-stained cell ranged from 1–30%, in 20/87 samples (23%) p65BTK-expressing cells 214 

were 30–70% and positivity was between 71 and 100% cells in the remaining 47/87 samples 215 

(54%) (Figure 1E, right).  216 

Notably, p65BTK expression was found as early as at the adenoma stage. Therefore, 217 

based on its widespread and early expression, p65BTK might be causally involved in CRC 218 

development even though further studies are needed to assess this potential role.   219 

p65BTK expression levels determine 5-FU sensitivity of colon carcinoma cells and 220 

its silencing/inhibition abolishes 5-FU resistance of TP53-null colon carcinoma cells.    221 

Previously, we have shown that p65BTK inhibition affects the growth and survival of 222 

colon cancer cells [21]. Therefore, we sought to determine the effect of p65BTK inhibition 223 

on the response of drug-resistant colon cancer cells to 5-FU, using the well characterised 224 

model of drug-resistance represented by HCT116p53KO cells treated with 200 µM 5-FU 225 

[26]. This experimental model is representative of the single bolus schedule of patient 226 

treatment where after a single injection of 5-FU, plasma concentration of the drug is of 27.4 227 

ng/ml (=170 µM) at 24 h [27]. Either stable (Figure 2A) or transient (Figure 2C) reduction of 228 

p65BTK rendered drug-resistant  229 

HCT116p53KO cells sensitive to 5-FU to the same extent as parental drug-sensitive 230 

HCT116 cells (Figure 2B,D). Conversely, over-expression of p65BTK, but not its 231 

kinasedead counterpart, protected drug-sensitive HCT116 cells from 5-FU-induced cell 232 

death (Figure 2E,F). These results indicate that p65BTK kinase activity is essential for 233 

protecting from cytotoxicity triggered by 5-FU.  Notably, p65BTK levels seem to be critical 234 

for sensitivity to 5-FU: in fact, co-treating HCT116 sensitive cells with non-toxic 235 

concentrations of ibrutinib (20 µM) and 5-FU (10 µM) resulted in massive cytotoxicity, 236 



comparable to that obtained when using maximally cytotoxic concentrations of 5-FU alone 237 

(Figure 2G). Conversely, a dose-dependent re-sensitization to 5-FU of drugresistant 238 

HCT116p53KO cells occurred in presence of increasing concentrations of ibrutinib (Figure 239 

2H). We previously demonstrated that p65BTK levels are posttranscriptionally regulated 240 

downstream of RAS [21]. We confirmed this finding by showing that p65BTK mRNA 241 

expression levels were the same in all cell lines tested, (supplementary material, Figure S2, 242 

panel A) - independently of the genetic background - whereas the protein levels were higher 243 

in cells bearing a mutation in the RAS/MAPK pathway (supplementary material, Figure S2, 244 

panel B). Accordingly, the combination ibrutinib + 5-FU was significantly more effective in 245 

drug-resistant HCT116p53KO cells (RAS mt) versus Caco-2 cells (TP53 mt/RAS wt) 246 

(supplementary material, Figure S3).  247 

We confirmed the role of p65BTK in sustaining drug-resistance by demonstrating that 248 

the addition of non-toxic concentrations of different BTK inhibitors (ibrutinib, AVL292, 249 

RN486, CGI1746, ONO-4059) to 5-FU allowed representative [28], drug-resistant TP53-null 250 

colon cancer cell lines with different genetic backgrounds (supplementary material, Table 251 

S1) to undergo cell death upon 5-FU treatment (Figure 3). Notably, the combination 252 

between any given BTK inhibitor and 5-FU resulted in a strong synergistic effect (Table 1). 253 

We tested a range of ibrutinib concentrations (up to 20 µM) already reported in the literature 254 

for treating B cell lines, leukemic primary cells, and some solid tumours [16, 19, 29–33].  255 

Recently, it has been shown that besides inhibiting BTK, ibrutinib is also a potent EGFR 256 

inhibitor [34–36]. Therefore, to verify that re-sensitisation to 5-FU upon ibrutinib treatment 257 

is via p65BTK, and not EGFR inhibition, we compared levels of cytotoxicity induced by 5-258 

FU in TP53-null drug-resistant colon cancer cells in combination with ibrutinib or with two 259 

second-generation EGFR inhibitors, afatinib and poziotinib [37]. After determining the 260 

optimal doses of the inhibitors required to completely suppress EGFR phosphorylation, we 261 

tested their effect on cell viability when used in combination with 5-FU. When added to 5-262 



FU at doses completely suppressing EGFR phosphorylation (supplementary material, 263 

Figure S4 A,B), only ibrutinib induced significant cell death of drug-resistant cells, whereas 264 

addition of either afatinib or poziotinib did not modify the response of TP53-null colon 265 

carcinoma cells to 5-FU (supplementary material, Figure S4C). Moreover, adding ibrutinib 266 

to EGFR inhibitors resulted in a synergic effect (supplementary material, Figure S4D), 267 

further excluding that the action of ibrutinib might be due to its binding to EGFR.  268 

Next, we determined that the type of cell death induced by 5-FU upon p65BTK 269 

inhibition was apoptosis, as demonstrated by induction of caspase-3/-7 activity 270 

(supplementary material, Figure S5A) and by the protection from cytotoxicity observed upon 271 

addition of the pan-caspase inhibitor Q-VD-OPh to the combination 5-FU + ibrutinib 272 

(supplementary material, Figure S5B). Finally, we showed that p65BTK inhibition restored 273 

the apoptotic response to 5-FU via unbalancing the anti-/proapoptotic ratio of BCL2-family 274 

members (supplementary material, Figure S5C). Taken together, these data indicate that 275 

p65BTK inhibition restores the apoptotic response of drug-resistant TP53-null colon 276 

carcinomas to 5-FU.  277 

p65BTK inhibition restores the apoptotic response to 5-FU via blunting protective 5-278 

FU-elicited TGFB1 activation and inducing pro-apoptotic E2F activation.   279 

To explore potential cytotoxicity mechanisms elicited by 5-FU when p65BTK activity 280 

is inhibited and to obtain insight into the signalling pathways and the transcriptional 281 

programs potentially affected we measured ten cancer-related signalling pathways by 282 

reporter assays finding that only two were greatly modulated (Figure 4A,C and 283 

supplementary material, Figure S6). Interestingly, both 5-FU and ibrutinib strongly induced 284 

TGFB1 activation, which was abolished by their combination (Figure 4A). Consistent with 285 

this, TGFB1 protein levels increased upon 5-FU treatment (Figures S7A) and co-treatment 286 

with 5-FU+ibrutinib down-regulated the expression of TGFB1 targets induced by 5-FU 287 

(supplementary material, Figure S7B). Accordingly, the addition of conditioned medium 288 



from 5-FU-treated drug-resistant HCT116p53KO cells reduced the apoptotic effect of 5-289 

FU+ibrutinib co-treatment whereas concomitant blockade of TGFB1 signalling restored 290 

apoptosis triggered by 5-FU+ibrutinib. Finally, direct addition of TGFB1 also significantly 291 

reduced 5-FU+ibrutinib-induced apoptosis (Figure 4B). In accordance, reducing 5-FU-292 

induced TGFB1 increase attenuated the resistance of HCT116p53KO cells to 5-FU 293 

(supplementary material, Figure S7C).  294 

E2F activation was strongly induced 8 h after treating cells with 5-FU+ibrutinib 295 

(Figure 4C), followed by increased expression of pro-apoptotic E2F targets [38] 296 

(supplementary material, Figure S8). Accordingly, E2F activation was instrumental to the 297 

cytotoxic effect of the 5-FU+ibrutinib since cell death was significantly reduced upon 298 

depletion of TFDP1, the obligate partner of E2F transcription factors [39, 40] (Figure 4D). 299 

However, only when the 5-FU+ibrutinib co-treatment was performed on TFDP1depleted 300 

cells in the presence of TGFB1 the percentage of cell death was reduced to the same basal 301 

levels induced by 5-FU (Figure 4E). Overall, these findings demonstrate that p65BTK 302 

inhibition restores 5-FU-induced cytotoxicity via concomitantly blunting a protective 5-FU-303 

elicited TGFB1 activation and inducing pro-apoptotic E2F functions.  304 

Ex vivo p65BTK inhibition sensitises TP53-null colon organoids to 5-FU.   305 

Data obtained from cell-based assays using 2D cultures of commercially available 306 

cell lines are often only partially validated in vivo, since these models do not capture the 307 

heterogeneity of the real patient population and do not fully mimic the in vivo situation, where 308 

cells are in a 3D environment. Recently, to overcome these limitations in the preclinical 309 

validation of novel therapeutic approaches, patient-derived 3D organoids have been 310 

developed [41] and shown to recapitulate patient responses in the clinic [42]. We validated 311 

the effect of p65BTK inhibition on the response to 5-FU using CSC-enriched organoids from 312 

5 patients, shown to express p65BTK (Figure 1B).  We characterized them for the main 313 



mutations found in CRC and performed dose-response curves for 5-FU (supplementary 314 

material, Figure S9A) finding that 5-FU was not cytotoxic for all TP53-mutant tumours; an 315 

exception was TUM07 which is TP53-wt but functionally TP53-null due to MDM2 316 

overexpression (supplementary material, Figure S9B). TUM09, the only TP53-wt tumour, 317 

was instead sensitive to 5-FU. Interestingly, when performing dose-response curves with 318 

two different BTK inhibitors, ibrutinib and AVL-292, variable levels of sensitivity towards the 319 

two drugs, likely determined by individual pharmacokinetics, were observed (supplementary 320 

material, Figure S9C). However, when combining non-toxic doses of ibrutinib or AVL-292 321 

with 5-FU in all  322 

TP53-null organoids a significant cytotoxic response was observed with at least one 323 

(TUM07) or both (TUM01, TUM03, ITO17) drugs (Figure 5, Table 2), confirming the benefit 324 

of p65BTK targeting in drug-resistant tumours in real heterogeneous patients’ population.   325 

In vivo p65BTK inhibition sensitises drug-resistant TP53-null colon carcinomas to 5-326 

FU.   327 

We verified the effect of p65BTK inhibition on the in vivo response to 5-FU by 328 

performing xenograft experiments. We used CD-1 nude mice inoculated subcutaneously on 329 

the left flank with drug-resistant HCT116p53KO cells and on the right flank with parental, 330 

drug-sensitive HCT16 cells [20] which served as positive control for the efficacy of 5-FU. In 331 

agreement with what observed in organoids, treatment of xenograft-bearing mice with 25 332 

mg/kg ibrutinib [43] in combination with 60 mg/kg 5-FU did not ameliorate the response of 333 

drug-sensitive HCT116 xenografts (supplementary material, Figure S10) but significantly 334 

reduced the tumour volume and concomitantly increased the doubling time of drug-resistant 335 

HCT116p53KO xenografts (Figure 6A–C). Therefore, in vivo results confirm in vitro and ex-336 

vivo data and suggest that p65BTK targeting might be useful to re-sensitize TP53-null CRC 337 

to 5-FU therapy.  338 



Discussion   339 

Remarkably, we found that p65BTK is expressed in the vast majority of CRCs, where its 340 

expression correlated with histotype and cancer progression (Figure 1). In particular, >90% 341 

of Stage I patients’ tumour samples stained positive for p65BTK indicating that its 342 

expression is an early event during the natural history of the tumour. In general, in 60% of 343 

patients’ tumoural samples from all stages >70% of the cells showed a medium-to-strong 344 

intensity of p65BTK staining. Notably, we recently showed that patients with highly 345 

expressed p65BTK (IHC intensity 3 and ≥80%) have the worst prognosis in terms of 346 

disease-free survival [44]. Therefore, given its early and extensive expression, p65BTK 347 

might be a widespread actionable target. Accordingly, using ibrutinib or other commercially 348 

available BTK inhibitors, we demonstrated the benefit of p65BTK targeting for restoring the 349 

apoptotic response to 5-FU of drug-resistant, TP53-null CRC cell lines (Figures 2, 3) and 350 

patient-derived organoids (Figure 5) and for significantly reducing tumour growth after 5-FU 351 

therapy in xenografts (Figure 6). It has recently been shown that ibrutinib, beside BTK, also 352 

potently inhibits EGFR family members [34–36]. However, our results indicate that EGFR 353 

inhibition does not contribute to the resensitization to 5-FU cytotoxic action for several 354 

reasons. First, all cell lines used in our study have a mutation in the RAS/MAPK pathway 355 

(supplementary material, Table S1) and thus are resistant to the use of EGFR inhibitors 356 

[45]. In fact, cytotoxicity was not induced by blocking EGFR phosphorylation with afatinib 357 

and poziotinib either alone or in combination with 5-FU, whereas apoptosis was instead 358 

elicited when EGFR-inhibiting doses of ibrutinib were combined with 5-FU; moreover, 359 

combining ineffective concentrations of EGFR inhibitors with ibrutinib resulted in a 360 

significant cytotoxic effect (supplementary material, Figure S2) further excluding that the 361 

action of ibrutinib might be due to EGFR binding. Second, re-sensitization occurred 362 

following reduction of p65BTK levels by functional genetic approaches (shRNA/siRNA) and 363 



conversely, protection from 5-FU-induced cytotoxicity of sensitive cells was afforded by 364 

overexpression of p65BTK, but not its kinase-dead version (Figure 2). Finally, 365 

resensitization occured using BTK inhibitors (Figure 3) with different mechanisms of action 366 

ie, irreversible binding to Cys481 (ibrutinib and AVL-292) [46], reversible binding to 367 

unphosphorylated BTK in the SH3 domain (CGI-1746) - which leads to stabilization of the 368 

protein in an inactive conformation and prevents its auto-phosphorylation [47] - and 369 

interaction with K430 (RN486) [48], a residue critical for kinase activity [49]. Notably, 370 

independent of the mechanism of action, any inhibitor in combination with 5-FU had a strong 371 

synergistic effect (Tables 1, 2).  372 

Mechanistically, we showed that p65BTK inhibition in TP53-null cells restored 5FU 373 

sensitivity by triggering apoptosis (supplementary material, Figure S3) and that ibrutinib 374 

abolished 5-FU-induced TGFB1-mediated transcription while inducing activation of pro-375 

apoptotic E2F (Figure 4). We showed previously that 5-FU-induced activation of the TGFB1 376 

pathway sustained the drug-resistance of TP53-null CRC cells, which was abolished by 377 

inhibiting TGFB1RI-mediated signalling [50]. Here, we confirm that 5-FU treatment induced 378 

TGFB1 expression and its reduction or the blockade of its downstream signalling partly re-379 

sensitized drug-resistant cells to 5-FU (supplementary material, Figure S7, Figure 4B). It 380 

has been reported that in CRC, TGFB signalling via ATM participates in the response to 381 

DNA damage [51] which critically depends on TP53 function [52], that in turn is also 382 

activated by E2F1, given that pro-apoptotic E2F1 functions are triggered by DNA damage 383 

[53].  The finding that p65BTK inhibition in absence of TP53 blunts TGFB1 activation and 384 

activates E2F (Figure 4A,C) in response to 5-FU suggests that blocking BTK activity in 385 

TP53-null cells can compensate for the dysregulated TGFB1 and E2F1 responses to DNA 386 

damage induced by 5-FU and implies p65BTK as a critical node for the outcome of cells 387 

having sustained DNA damage.   388 



Particularly relevant are the data obtained in CSC-enriched organoids. CSCs are 389 

characterized by high levels of drug-resistance and can effectively repopulate the tumour 390 

after chemotherapy [54]: therefore, targeting CSCs is crucial for improving therapies. 391 

Organoids display all the hallmarks of the original tissue in terms of architecture, cell-type 392 

composition, and self-renewal dynamics, capture the genetic diversities of tumour tissues 393 

and show high levels of correlation with source biopsy material, indicating that they faithfully 394 

represent original tumours [55] and therefore might be a good surrogate for precision 395 

medicine based on patient stratification [56]. Remarkably, p65BTK was expressed in 396 

purified CSCs and CSC-enriched organoids (Figure 1B) and non-toxic concentrations of 397 

BTK inhibitors in combination with ineffective concentrations of 5-FU were highly synergistic 398 

(Table 2) and efficiently killed TP53-null organoids, whereas they did not further improve 5-399 

FU toxicity in a TP53-wt organoid (Figure 5 and supplementary material, Figure S9). 400 

Interestingly, in contrast with CRC cell lines, in organoids a variable sensitivity to the two 401 

different BTK inhibitors, ibrutinib and AVL-292, was evident. This variability may be due to 402 

the fact that, at variance with 2D cell cultures, organoids capture the heterogeneity of the 403 

real patients’ cancer cell population and mimic the 3D in vivo situation. In addition, variability 404 

may reflect individual differences in drug pharmacokinetics. Although nothing is known so 405 

far about AVL-292, ibrutinib is known to be metabolized by CYP3A4 and 3A5 [57], both 406 

overexpressed in a large number of CRCs [58]. In addition, inter-individual variability of 407 

CYP3A activity linked to different genetic polymorphisms has also been shown [59]. In line 408 

with this,  it has been reported that in patients with high CYP3A activity ibrutinib dosage 409 

must be increased to be therapeutically effective [60]. Therefore, the fact that, depending 410 

on the organoid, different concentrations of ibrutinib were required to sensitize them to 5-411 

FU is likely due to different levels of CYP3A expression. Accordingly, the concentrations of 412 

ibrutinib effective on CRC cells are higher than those generally used in B cells (normal and 413 

neoplastic), that do not express CYP3A [61].  414 



Notably, ibrutinib is already therapeutically used for certain B-cell malignancies 415 

where p77BTK is overexpressed/hyperactivated [62], and others specific BTK inhibitors, 416 

such as AVL-292 and ONO-4059, are also in clinical trials for B-cell malignancies [63, 64]. 417 

In particular, ibrutinib is indicated for patients with chronic lymphocytic leukaemia/small 418 

lymphocytic lymphoma having 17p deletion that leads to TP53 loss [65, 66]. Therefore, 419 

although we previously demonstrated that p65BTK possesses peculiar features, such as 420 

post-translational regulation and oncogenicity, not shared by p77BTK [21] both isoforms 421 

seem to share common roles in sustaining viability in the absence of TP53. In addition, a 422 

general role for BTK in cell viability is evident given that its inhibition in oesophageal cancer 423 

and neuroblastoma or inhibition of another 80 kDa isoform, expressed in breast and prostate 424 

cancers, also reduced tumour cell viability [15–19]. In addition, p65BTK seems to play a 425 

general role in sustaining drug resistance, given that its inhibition not only re-sensitize drug-426 

resistant colon cancers to 5-FU but also bypass resistance of NSCLC cells to standard of 427 

care chemotherapy and EGFR-targeted therapy [23].  428 

In summary, we have shown that p65BTK is expressed in the vast majority of CRCs 429 

and its inhibition restores 5-FU sensitivity of TP53-null tumours in different experimental 430 

models (in vitro, ex vivo, in vivo). In particular, its inhibition restored an apoptotic response 431 

to 5-FU via blunting a protective 5-FU-elicited TGFB1-mediated response and inducing pro-432 

apoptotic E2F activation. Our findings suggest p65BTK as an actionable target in TP53-null 433 

CRCs where its inhibition, in combination with 5-FU, may be a promising strategy to treat 434 

drug-resistant CRCs and support the use of BTK inhibitors in combination with 5-FU in CRC 435 

patients.  436 
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TABLES  628 

  

  

  

  

  

IBRUTINIB  

  

AVL-292  

  

  

CGI1746  

  

ONO-4059  

  

RN486  

  

    

10µM 20µM   

    

10µM 20µM  

    

10µM  20µM   

    

10µM 20µM   

  

10µM  

  

20µM   

  

HCT116  

p53KO  

  

      

0.2  0.2  0.3  

  

0.3  

      

0.2  0.2  0.2  

  

0.2  

  

0.2  

  

0.3  

                      



SW480  

  

0.3  0.3  0.5  0.5  0.3  0.3  0.3  0.3  0.3  0.3  

  

HT-29  

  

      

0.4  0.4  0.4  

  

0.4  

      

0.3  0.4  0.4  

  

0.14  

  

0.4  

  

0.4  

Table 1. Synergism between BTK inhibitors and 5-FU in cell lines. Combination Index 629 

(CI) was calculated as reported by Fransson, et al [67] and detailed in Materials and 630 

methods.  631 

0.8 < CI < 1.2  = additive effect  632 

CI < 0.8 = synergistic effect (CI < 0.5 = strong synergistic effect) CI > 633 

1.2 = sub-additive effect.  634 

ant = antagonistic effect    635 

    

    

    

  TUM01       TUM03    TUM07      TUM09  
ITO17  

  

5-FU+IBRU  

  

        

   0.3        0.2       0.2     0.01  

  

1.1  

  

5-FU+AVL  

  

        

     0.1        0.5        0.1     0.2  

  

0.7  

Table 2. Synergism between BTK inhibitors and 5-FU in organoids. Combination Index 636 

(CI) was calculated as reported by Fransson, et al [67] and detailed in Materials and 637 

methods.  638 

0.8 < CI < 1.2  = additive effect  639 



CI < 0.8 = synergistic effect (CI < 0.5 = strong synergistic effect) CI > 640 

1.2 = sub-additive effect.  641 

ant = antagonistic effect  642 

LEGENDS TO FIGURES   643 

Figure 1. p65BTK expression correlates with cancer progression. (A) Expression of 644 

p65BTK quantified by ELISA using the BN33 antibody in two cohorts of CRC patients (n=90) 645 

according to the Grade of the disease; PT: peri-tumour normal tissue; T: tumour tissue; G1, 646 

G2, G3 tumour tissue grade 1, 2, 3 respectively. A two-tailed Student’s t-test was used for 647 

comparing p65BTK levels in PT versus T tissue. (B) p65BTK expression in colon cancer 648 

stem cells (CSC) lysates and stem cell-enriched organoids from colon cancer patients 649 

detected with BN49 antibody. β-Actin was used as a loading control. (C) Examples of 650 

p65BTK expression in different histotypes of colon cancers and in normal colon detected 651 

by BN30 antibody. Bar: 100 µm; 20X objective magnification. (D) IHC was performed using 652 

BN30, and p65BTK staining was graded according to the percentage of positive cells in the 653 

area. Examples of 0%, 30%, 70% and 100% positive samples. Bar = 100 µm; 20X objective 654 

magnification. (E) Left: Percentage of p65BTKpositive samples from patients (any positivity) 655 

at different stage of CRC. Right:   656 

Percentage of p65BTK-expressing cells in samples from patients at different stage of CRC. 657 

Stage I, n=43 Stage II, n=44 Stage III, n=87.  658 

Figure 2. p65BTK levels determine 5-FU sensitivity of colon carcinoma cells. (A) Left: 659 

p65BTK levels in drug-resistant HCT116p53KO cells stably infected with empty (pRS) or 660 

shBTK-encoding (pRSBTK) vectors. Right: p65BTK fold-change evaluated by ImageJ 661 



analysis of the blot shown in A. (B) Percentage cell death after 72 h treatment with 200 µM 662 

5-FU of HCT116p53KO-pRS or HCT116p53KO-pRSBTK cells. Parental drug- 663 

sensitive HCT116 cells were treated in parallel as a positive control. (C) Left: p65BTK levels 664 

in HCT116p53KO cells not transfected (NT) or transiently transfected with control siRNA 665 

(LUC) or siRNA for BTK. Right: p65BTK fold-change evaluated by ImageJ analysis of the 666 

blot shown in C. (D) Percentage of cell death after 72 h treatment with 200 µM 5-FU of 667 

HCT116p53KO-NT, HCT116p53KO-siLUC and HCT116p53KO-siBTK. (E) Left: p65BTK 668 

levels in parental HCT116 cells transiently transfected with empty vector (empty) or a 669 

p65BTK-encoding vector (HCT116p65BTK) or its kinase-dead (HCT116p65BTK-KD) 670 

counterpart. HCT116p53KO lysate was loaded as a control. Right: p65BTK fold-change 671 

evaluated by ImageJ analysis of the blot shown in E. In A,C,E p65BTK was detected by 672 

BN49 antibody and β-Actin was used as a loading control. (F) Percentage cell death after 673 

72 h treatment with 200 µM 5-FU of HCT116empty, HCT116-p65BTK and HCT116p65BTK-674 

KD cells. HCT116p53KO cells were treated in parallel as a control. (G) Percentage of cell 675 

death after 72 h treatment of HCT116 cells with maximally effective concentrations of 5-FU 676 

(200 µM), non-toxic concentrations of 5-FU (10 µM), ibrutinib (IBRU, 10 µM) and the 677 

combination thereof. (H) Percentage cell death after 72 h treatment of HCT116p53KO cells 678 

with 200 µM 5FU in the presence of increasing concentrations of ibrutinib (IBRU).  In B, D, 679 

F, G, H cell death was evaluated by Trypan blue exclusion. All graphs represent the average 680 

of at least 3 independent experiments; bars show mean ± sem (n=3); a two-tailed Student’s 681 

ttest was used for comparing 5-FU-treated versus untreated cells.   682 



Figure 3. Inhibition of p65BTK abolishes 5-FU resistance of TP53-null colon carcinoma 683 

cells. Percentage of cell death, as evaluated by Trypan blue exclusion, after 72 h treatment 684 

of HCT116p53KO (A) SW480 (B) and HT-29 (C) cells with 200 µM 5-FU (FU) ± 10 or 20 685 

µM of the different BTK inhibitors. AVL = AVL-292; CGI = CGI1746; ONO = ONO-4059; RN 686 

= RN486. All graphs represent the average of at least 3 independent experiments; bars 687 

show mean ± sem (n=3); a two-tailed Student’s t-test was used for comparing combined 688 

treatments to 5-FU alone.   689 

Figure 4. p65BTK inhibition blunts protective 5-FU-elicited TGFB1-mediated transcription 690 

and induces pro-apoptotic E2F activation. (A) Modulation of TGFB1mediated transcription 691 

after treatment of HCT116p53KO cells with 200 µM 5-FU, 20 µM Ibrutinib (IBRU) or the 692 

combination, as assessed by reporter assay. Results are plotted as fold-change, calculated 693 

as the ratio: values of treated cells/values of untreated cells, and where the value of 694 

untreated cells is set at 1. Bars show mean ± sem (n=3); a twotailed Student’s t-test was 695 

used for comparing combined versus single treatments. (B) Percentage cell death, as 696 

evaluated by Trypan blue exclusion, in the absence of treatment (NT) or after 72 h treatment 697 

of HCT116p53KO with 200 µM 5-FU, a combination of 200 µM 5-FU + 20 µM Ibrutinib (5-698 

FU+IBRU), the same combination in conditioned medium harvested from drug-resistant 699 

HCT116p53KO cells treated for 6 h with 200 µM 5-FU, in absence (FU+IBRU+CM) or in 700 

presence of 20 µM TGFB1R inhibitor SB431542 (FU+IBRU+CM+TGFB1R). (C) Modulation 701 

of E2F-mediated transcription after treatment of HCT116p53KO cells with 200 µM 5-FU, 20 702 



µM Ibrutinib (IBRU) or the combination, as assessed by reporter assay. Results are plotted 703 

as foldinduction and statistics (n=3) is performed as in A. (D) Percentage cell death, as 704 

evaluated by Trypan blue exclusion, after 72 h in absence of treatment (NT) and upon 705 

treatment with 200 µM 5-FU and the combination 200 µM 5-FU + 20 µM Ibrutinib 706 

(5FU+IBRU) of HCT116p53KO transfected with control (LUC) or TFDP1-targeted siRNA. 707 

(E) Percentage cell death, as evaluated by Trypan blue exclusion,  in absence of treatment 708 

(NT) or after 72 h treatment with 200 µM 5-FU, 200 µM 5-FU + 20 µM Ibrutinib (5-FU+IBRU), 709 

5-FU + Ibrutinib + 10ng/ml TGFB1 (5-FU+IBRU+TGFB1) of HCT116p53KO transfected with 710 

control (LUC) or DP1-targeted siRNA. In the insets in D and E: TFDP1 expression in Luc- 711 

versus TFDP1-silenced HCT116p53KO cells. B, D, E: bars show mean ± sem (n=3). n = 3. 712 

A two-tailed Student’s t-test was used for comparing the different treatments.  713 

Figure 5. Ex vivo p65BTK inhibition sensitizes p53-null colon cancer stem cell-enriched 714 

organoids to 5-FU. Percentage cell survival after 72 h treatment with 100 µM 5-FU alone or 715 

in combination with non-toxic doses of ibrutinib (IBRU) or AVL-292 (AVL) (as determined 716 

by the dose-response curves, see supplementary material, Figure S9). Cell viability was 717 

evaluated by Cell-Titer Glo before adding the treatments (T0) and 72 h later. T0 values 718 

correspond to 100% viability; 72 h values are then expressed as the percentage variation 719 

relative to the initial cell number. TUM01: IBRU 30µM, AVL 10 µM; TUM03: IBRU 30µM, 720 

AVL 20µM; TUM07: IBRU 20µM, AVL 30µM; TUM09: IBRU 10µM, AVL 2µM; ITO17: IBRU 721 

30µM, AVL 20µM. Bars show mean ± sem (n=3). A two-tailed Student’s t-test was used for 722 

comparing combined treatments to 5-FU alone.  723 

Figure 6. In vivo p65BTK inhibition sensitizes drug-resistant p53-null colon carcinomas to 724 

5-FU. (A) kinetics of growth of HCT116p53KO xenografts after treatment with vehicle alone 725 



(CNT), 5-FU 60 mg/kg (FU), ibrutinib 25 mg/kg (IBRU 25), ibrutinib 25 mg/kg + 5FU 60 726 

mg/kg (IBRU 25+FU). (B) Range of relative tumour volumes (RTV) of HCT116p53KO 727 

xenografts measured at the end of the treatment (21 days) of mice with vehicle alone (CNT), 728 

5-FU 60 mg/kg (FU), ibrutinib 25 mg/kg (IBRU 25), ibrutinib 25 mg/kg + 5-FU 60 mg/kg 729 

(IBRU 25+FU). (C) Tumour duplication (TDT) time of HCT116p53KO xenografts calculated 730 

at the end of the treatment (21 days) of mice with vehicle alone (CNT), 5-FU 60 mg/kg (FU), 731 

ibrutinib 25 mg/kg (IBRU 25), ibrutinib 25 mg/kg + 5-FU 60 mg/kg (IBRU 25+FU). TDT was 732 

calculated by the formula TDT=DXD0*log10(2)/(log10VX- log10V0), where DX-D0= days of 733 

treatment, VX=volume at day X, V0= volume at day 0 (start of the treatment). The bold line 734 

indicates the median of the values, the box indicates the first and third quartile. The 735 

maximum and minimum values for each group are also reported. (D) Model of cancer cell 736 

fate decisions following p65BTK inhibition. In TP53-null colon cancers expressing high 737 

levels of p65BTK 5-FU treatment induces a TGFB1-mediated anti-apoptotic response. 738 

Reducing p65BTK expression or inhibiting it pharmacologically when administering 5-FU 739 

abolishes the TGFB1 protective response and triggers E2F-dependent apoptosis.  740 
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