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The treatment of chronic myeloid leukemia (CML) with BCR-ABL tyrosine kinase inhibitors (TKIs), such as imatinib, has yielded clinical success. However, the direct targeting of BCR-ABL does not eradicate CML cells expressing mutant BCR-ABL, especially the T315I mutation in BCR-ABL. Moreover, increasing mutations were identified in BCR-ABL domain, resulting in TKIs resistance recently. It is necessary to find BCR-ABL-independent target for treating CML patients with various mutations, including T315I mutation in BCR-ABL. The dichotomous behavior of CREB binding protein (CBP) and E1A protein (p300), recruited by β-catenin associated with self-renewal and differentiation, have been identified in hematopoietic stem cells, respectively. In this study, CBP was aberrantly expressed in CML cells on the basis of Oncomine dataset. The β-catenin bound with much more CBP than p300 in CML cells. Down-regulation of CBP inhibited cell proliferation capacity and increased the binding of β-catenin to p300, thus promoting cell differentiation and p53-dependent cell senescence in CML cells with either wild type or T315I mutant BCR-ABL in vitro and in vivo models. These demonstrate CBP blockage can be developed for the treatment of CML independent of BCR-ABL mutation status including T315I.
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Introduction

Chronic myeloid leukemia (CML) is a clonal malignant disorder of pluripotent hematopoietic stem cells (HSCs), characterized by the presence of Philadelphia chromosome (Ph) translocation t(9;22)(q34;q11), leading to the formation of the novel BCR-ABL fusion gene (1). Despite BCR-ABL tyrosine kinase inhibitors (TKIs), such as imatinib, nilotinib, and dasatinib, have been developed, a significant number of patients develop resistance to treatment overtime (2, 3). The most frequent mechanism producing resistance is the increasing kinase domain mutations, notably the T315I mutation, which reduces or completely ablates drug efficacy (4–7). Recently, increasing new mutations have been discovered in BCR-ABL kinase domain, leading to TKIs resistance. Therefore, it is of great importance to find BCR-ABL-independent target for treating TKIs resistant CML patients, especially T315I mutation in BCR-ABL.

Despite the high degree of homology and similar patterns of expression, CBP and p300 play unique and distinct roles in gene regulation (8, 9). Distinct roles for CBP and p300 in hematopoietic stem cells (HSC) fate decisions have been identified (10, 11). The researchers described that CBP, but not p300, is crucial for HSC self-renewal, conversely, p300, but not CBP, is essential for hematopoietic differentiation. Multipotency and self-renewal capacities (12, 13) continuously provide differentiated cells, while properly maintaining the HSC pool size throughout life by precisely balancing differentiation and self-renewal (10). The activation of Wnt/β-catenin pathway recruits CREB banding protein (CBP) or E1A protein (p300) triggering cell self-renewal and differentiation in HSC, respectively (8, 10, 14). Aberrations in Wnt/β-catenin have been reported to have key roles in CML (15–17). Accumulating evidences reported that the Wnt pathway is activated and promotes cell proliferation and survival, conferring resistance to the TKIs (15, 17, 18). Therefore, we deduced that the effective inhibition of CBP might disrupt the ectopic balance between β-catenin/CBP and β-catenin/p300 complexes and result in cell differentiation and senescence in CML.

In the current study, more p300 is bound to beta-catenin when CBP is knock-down. Down-regulation of CBP increased the binding of β-catenin to p300, thus promoting cell differentiation and p53-dependent cell senescence and inhibiting cell proliferation capacity in CML cells with either wild type or T315I mutant BCR-ABL in vitro and in vivo models.



Materials and Methods


Chemicals and Antibodies

Nitrobluetetrazolium (NBT) and phorbol 12-myristate 13-acetate (PMA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Antibodies against β-catenin (#8480), p21(#2947S), phosphorylated Rb (#9307S), and CyclinD1 (#2922S) were purchased from Cell Signaling Technology (Danvers, MA, USA). CBP (sc-369), p300 (sc-584), JUN (sc-45) were purchased from Santa Cruz Biotechnology Inc. (Paso Robles, CA, USA). p16 (ab117443) and recombinant mouse Wnt3a protein was purchased from Abcam (Cambridge, MA,USA). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody (822051) was purchased from Kangchen Co. (Shanghai, China). Cell protein Extraction Kit and Nucleoprotein Extraction Kit was purchased from Beyotime (Shanghai, China). The senescence detection kit was purchased from Beyotime (Guangzhou, China).



Cell Culture

The human CML cell line K562 was obtained from ATCC and the murine 32D myeloid cells stably expressing either wild-type BCR-ABL (32D-WT) or T315I mutant BCR-ABL (32D-T315I) were obtained from Professor Pan JX (2014, Ophthalmic Hospital, Sun Yat-sen University, Guangzhou China). BCR-ABL expression in these cells was checked by Western-blot for verification every 3 to 4 months routinely. Cells were maintained in RPMI1640 medium supplemented with 10% fetal bovine serum (FBS, Gibco), 1 unit/ml penicillin and 1 mg/ml streptomycin at 37°C and 5% CO2, 32D-WT, and 32D-T315I cells were additionally supplemented with 0.5 ng/ml WNT3a to imitate the feature of activated Wnt signaling in CML cells.



RNA Interference Transfection

For depletion of CBP and p300, the pSIH-H1-puro-construct (System Bioscience, SBI) containing CBP or p300 short hairpin RNAs (shRNA) was generated by cloning the following CBP specific or p300 specific RNAi target sequences into pSIHF-H1:

CBP shRNA: 5-GATCCCGTTTACCATGAGATCCTTATCTTCCTGTCAGAATAAGGATCTCATGGTAAACGTTTTTG-3’.

P300 shRNA:5’- GATCCTAACCAATGGTGGTGATATTACTTCCTGTCAGATAATATCACCACCATTGGTTATTTTTG-3’.

Briefly, CMLs silencing CBP or p300 were generated by infection with CBP shRNA lentiviruses or p300 shRNA lentiviruses, and selected by treatment with 0.5 μg/ml puromycin for 10 days, beginning from 48 h after infection.



Nitro Blue Tetrazolium Assay

K562, 32D-WT, and 32D-T315I cells receiving different treatment were cultured in 96-well plates for 72 h. The NBT reduction assay was performed as Collins’description (19).



SA-ß-Galactosidase Assay

For the SA-ß–galactosidase assay, the SA-ß-galactosidase activity was determined using a senescence detection kit (Beyotime) according to the manufacturer’s instructions. Senescent cells were identified as blue-stained cells under an Olympus IX71S8F inverted microscope.



Western Blot Analysis

Cell specimens were washed twice with PBS and total cellular protein was extracted with RIPA. Nuclear proteins were extracted by nucleoprotein extraction buffer and were used when detecting expression of ß-catenin. Equal amounts of protein (50–100 ug) were separated on sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and then transferred to PVDF membranes, blocked and incubated overnight with primary antibodies at 4°C. After the secondary monoclonal antibodywas applied to visualize proteins using Kodak X-AR film, the results were analyzed by Gel-Pro Analyzer.



Mice Xenograft Models

All mouse experiments were performed according to protocols approved by the Institutional Animal Care and Use Committee of Sun Yat-Sen University. Female BALB/c nude mice, age of 8-week-old, weighing 18-22g were purchased from the Center of Experimental Animal of Guangzhou University of Chinese Medicine (Guangzhou, China). To test the incidence of tumors and proliferation ability, 32D-WT or 32D-T315I cells with CBP or p300 knockdown were subcutaneously injected into left subaxillary of mice, respectively. Tumor volume (mm3) was calculated as L×W2×0.5 (L indicates the length-diameter and W the width-diameter of the tumor) (10).



Co-Immunoprecipitation Assay

Total nucleoprotein lysates were extrcated and prepared by ice-cold IP lysis buffer (Beyotime, China), and the supernatant of cell lysate corresponding to1mg of total protein was precleared by Protein G Plus/Protein A-agarose beads (Millipore, USA) to minimize nonspecific binding, followed by the addition of either mouse IgG (Beyotime, China) or β-catenin overnight. The bound proteins were washed thrice with lysis buffer and dissociated with the beads via boiling and centrifugation. The immnoprecipitated proteins were then analyzed by standard immune blotting (10).



Statistics

Data analysis was performed using the SPSS 16.0 software package. All experiments were repeated at least three times, and data are presented as Means ± SEM. The mean values were compared using unpaired student’s t-test (two groups). A value of p<0.05 was considered statistically significant.

The authenticity of this article has been validated by uploading the key raw data onto the Research Data Deposit public platform (www.researchdata.org.cn), with the approval RDD number as RDDB2020000942.




Results


Silencing Endogenous CBP Promotes Cell Differentiation and Senescence in CMLs Independent of the Mutation Status of BCR-ABL

To understand the key roles of CBP and p300 in CMLs, we analyzed these genes using the available Oncomine datasets. The data from the Haferlach Leukemia Statistics (Necleotid acc. No. U85962) showed that CBP (p=0.002) and β-catenin (p=0.001) expression was significantly up-regulated in 76 cases of CML samples compared with 74 cases of normal samples (Figure 1A). However, p300 expression was not apparently altered compared to the normal samples (p=0.900), suggesting that β-catenin/CBP is preferentially expressed in malignant proliferative CMLs. To further evaluate the significance of CBP and p300 on cell growth or differentiation in CMLs, we silenced endogenous CBP and p300 using lentiviral short -hairpin RNA (shRNA) in K562, 32D-WT, and 32D-T315Icells, respectively (Figure 1B) and detected the status of cell differentiation by the NBT reduction assay. As is shown in Figure 1C, in K562, 32D-WT, and 32D-T315 CML cells, the ratio of differentiated cells after CBP silence was higher than those scramble cells. In contrast, silence of p300 did not change the differentiate ratio compared with the scramble cells, implying that silencing endogenous CBP rather than p300 have the significant potential to promote cell differentiation in CMLs independent of BCR-ABL mutation status.




Figure 1 | Effect of CREB binding protein (CBP) down-regulation on cell differentiation and scenescence in chronic myeloid leukemia (CMLs) expressing wild-type or T315I mutant BCR-ABL. (A) In silico analysis of β-catenin, CBP, and p300 expression in human CML. Data was analyzed using publicly available Oncomine database (www.oncomine.org); *p < 0.05; **p < 0.01 (Student’s t-test). (B) Efficient knocks down CBP or p300 in K562, 32D-WT, 32D-T315I cells as revealed by Western blot. (C) Differentiation status was determined by nitrobluetetrazolium (NBT) reduction assay in K562, 32D-WT, and 32D-T315I cells following the down-regulation of CBP or p300. (D) Cell senescence status was determined in cells with the indicated vector (scramble and sh-CBP) transfection for 72 h by the SA-β-Gal staining assay. The values are evaluated using the SA-β-Gal positive ratio. (E) Senescent cells were identified as blue-stained cells under an Olympus IX71 inverted microscope. Representative images of senescent cells were taken by Olympus IX71 inverted microscope. The data represent Mean ± SEM derived from three independent experiments. Signiﬁcant changes are indicated as follows: *p < 0.05; **p < 0.01, compared to scramble group (unpaired student’s t-test).



Furthermore, the SA-β Gal staining was performed to verify the degree of cell differentiation. Notably, a significant enlarged and flattened morphology was observed in CBP silenced CMLs, indicating a senescent appearance (Figure 1E). The results demonstrated that the CBP silenced CMLs showed a higher ratio of senescent cell in comparison with those control cells, suggesting that CBP knockdown-induced differentiated cells acquired senescence property in BCR-ABL wild-type and mutant CMLs (Figure 1D).



Knockdown of CBP Inhibited Cell Proliferation and Tumor Growth In Vitro and In Vivo

To further validate the significance of CBP and p300 on cell growth, in vitro and in vivo assays were performed in CMLs. As anticipated, the silence of CBP induced a significant inhibition of cell proliferation compared with the vector control, independent of the mutation status of BCR-ABL such as T315I, whereas knockdown of p300 primarily accelerated cell proliferation (Figure 2A). Consistent with the in vitro results, CBP knockdown significantly impaired tumor growth and reduced the tumor weight (Figures 2B, C), in contrast, silence of p300 increased tumor formation efficacy and tumor weight in 32D-WT and 32D-T315I cells in vivo (Figures 2B, C). During the in vivo experiment, we did not observe any changes in body weight (Figure 2D). These results demonstrated that down-regulation of CBP potentially inhibited cell growth in vitro and in vivo in the BCR-ABL independent way.




Figure 2 | Knock down of CREB binding protein (CBP) inhibited cell proliferation in vitro and in vivo. (A) The proliferation ability was assessed in chronic myeloid leukemia (CMLs) by cell counting and viable cell number was determined by using the trypan blue exclusion assay. The data represent Mean ± SEM derived from three independent experiments. (B) The nude mice xenotransplantation assay. The tumor growth curve was drawn to monitor the tumor volume over time. Tumor volume (mm3) was calculated as L×W2×0.5 (L indicates the length-diameter and W the width-diameter of the tumor). (C) Representative images of tumors from nude mice that received subcutaneous injections of the indicated cells were shown. Tumor weight was analyzed after implantation. (D) The change of body weight was measured in nude mice. Signiﬁcant changes are indicated as follows: *p < 0.05; **p < 0.01, compared to scramble group (unpaired student’s t-test).





Knock-Down of CBP Activated p300 Downstream Pathway in CML Cells

As we described above, down-regulation of CBP promoted cell differentiation and senescence. To further investigate the mechanism of CBP inhibition on cell senescence, we detected the expression of CBP and p300 downstream molecules. We found that the knockdown of CBP decreased the expression of cyclinD1 which was one of the downstream molecules of β-catenin/CBP, but concomitantly increased the expression level of JUN which was a downstream molecule of β-catenin/p300, independent of the mutation status of BCR-ABL in CML cells (Figure 3A). In contrast, silence of p300 induced the up-regulation of cyclinD1 and down-regulation of JUN (Figure 3B). Therefore, CBP inhibition activated β-catenin/p300 signaling.




Figure 3 | Down-regulation of CREB binding protein (CBP) increased senescent molecular expressions in chronic myeloid leukemia (CMLs) expressing wild-type or T315I mutant BCR-ABL. (A) The expression levels of JUN and cyclinD1 were evaluated by Western blot in K562, 32D-WT, and 32D-T315I cells following the down-regulation of CBP. (B) The expression levels of JUN and cyclinD1 were evaluated by Western blot in K562, 32D-WT, and 32D-T315I cells following the down-regulation of p300. (C) Cell senescence-related protein alterations were examined by Western blot in K562, 32D-WT, and 32D-T315I cells following the down-regulation of CBP. (D) Cell senescence-related protein alterations were examined by Western blot in K562, 32D-WT, and 32D-T315I cells following the down-regulation of p300. The data were analyzed using the Gel-Pro analyzer. The data represent mean ± SD derived from three independent experiments. Signiﬁcant changes are indicated as follows: *p < 0.05, compared to scramble group (unpaired student’s t-test (two groups).



Since CBP inhibition inducedβ-catenin/p300 signaling mediated cell differentiation and finally led to cell senescence, subsequently, we evaluated if cell senescence was dependent on the p53/p21 and p16/p-Rb pathways, which play key roles in regulation of senescence in human fibroblasts and also participate directly in transcriptional regulation (20, 21). The expression of p53, p21, p-Rb, Rb, and p16 were detected by Western blot. The results indicated that silencing CBP resulted in a significant accumulation of p53 and p21 but did not alter the phosphorylated Rb and p16 expression level in both BCR-ABL wild-type and T315I mutant CMLs (Figure 3C). These indicate that the down-regulation of CBP induced cell senescence in a p53-dependent manner.



Inhibition of CBP Increased the Binding of β-Catenin to p300 in CML Cells

To further confirm the mechanism of inducing differentiation by CBP down-regulation, co-immunoprecipitation (Co-IP) was performed and indicated that the down-regulated expression of CBP increased the binding of β-catenin to p300 in both BCR-ABL wild-type and T315I mutant CMLs (Figure 4A). And vice versa, the down-regulation of p300 increased the binding of β-catenin to CBP (Figure 4B). According to the above research, we come to conclude that decrease of CBP significantly promote the recruitment of p300 by β-catenin, which consequently activated β-catenin/p300 mediated senescence pathway.




Figure 4 | Enhancement of β-catenin binding to p300 by down-regulation of CREB binding protein (CBP). Co-immunoprecipitation assay was performed in K562, 32D-WT, 32D-T315I cells. (A) CBP down-regulation significantly increased the binding of β-catenin to p300. (B) Knock down of p300 increased the binding of β-catenin to CBP in K562, 32D-WT, 32D-T315I cells. IgG was used as a control. The data were analyzed using the Gel-Pro analyzer. The data represent mean ± SD derived from three independent experiments. Signiﬁcant changes are indicated as follows: *p < 0.05, compared to scramble group (One-Way ANOVA).






Discussion

In recent years, a variety of TKIs targeting at BCR-ABL with increasing specificity and efficacy have been developed, which have fundamentally promoted the treatment of CML. However, the mutations especially the T315I mutation in BCR-ABL kinase domain have led to the development of drug resistance and hindered the success of imatinib or second generation TKIs in the treatment of CML. Worse still, increasing mutations induced by TKIs have been identified, which limited its use in clinic. Clinically, the successful use of differentiation therapies, such as all-trans retinoic acid (ATRA), has been successful in 5%–10% AML patients but not in CML patients (22). Under these conditions, we sought to find a new strategy for CML’s treatment on basis of cell growth and differentiation in HSCs. Our study demonstrates the potential of a CBP inhibitor therapy enhances of the binding of β-catenin to p300 which mediated cell differentiation and senescence in BCR-ABL-wild-type and -T315I mutant CML. We found that the inhibition of CBP is efficacious in activating β-catenin/p300 signaling, which promoted cell differentiation and induces p53/p21 dependent senescence in vitro and in vivo.

Wnt signaling pathways regulate a variety of processes including cell growth, oncogenesis, and development. Upon Wnt signaling, β-catenin accumulates in the nucleus and binds to transcription factors of the TCF/LEF family to activate transcription and constitutive activation of downstream target genes, such as surviving, c-myc and cyclinD1 by the TCF/LEF-β-catenin complex, which is essential for balancing cell survival and differentiation (8–10, 14, 23, 24). CBP and p300, as transcriptional coactivators, bind to the COOH-terminal region of β-catenin. β-catenin physically interact with the CREB-binding domain of CBP/p300 to activate transcription in mammalian cells (25). CBP and p300, recruited by β-catenin, have individually been identified as co-activators in self-renewal and differentiation in HSCs (8–10, 23). These implicate the enhancement of β-catenin recruiting p300 maybe a novel treatment strategy to eradicate CML expressing either wild type or mutated BCR-ABL.

Our results indicate that β-catenin recruits more p300 after CBP expression is silenced in CMLs expressing wild-type and T315I mutant BCR-ABL. The repression of CBP decreased the expression of cyclinD1 (26), which is highly coordinated with growth inhibition and cell differentiation (27–29). Moreover, the suppression of CBP switches the balance to β-catenin/p300 mediated cell differentiation, suggesting an entirely novel approach for the treatment of CML, with the therapeutic potential to treat BCR-ABL-T315I mutant CML. However, the mechanism by which β-catenin/p300 signaling mediate cell differentiation remains to be elucidated.

Cellular senescence disables proliferation in damaged cells and is relevant for cancer and aging. This involvement of tumor-suppressor pathways led to the identification of senescence as potent tumor-suppressor mechanism. Several studies have revealed that, adult stem cells could escape cellular senescence by avoiding both differentiation and the activation of checkpoint responses that arrest the cell cycle in cell homeostasis. The key proteins that induce senescence are members of the p53/p21 and p16/p-Rb tumor suppressor networks that function to arrest proliferation and contribute to the irreversibility of the senescent state. In our study, we used SA-β-Gal staining to identify senescent cells because it is a proven and reliable marker of senescence in many settings. To determine whether p53/p21 or p16/p-Rb were required for β-catenin/p300 mediated senescence, we examined these markers and mediators of senescence. The results indicated that the increased β-catenin/p300 mainly activated p53/p21 signaling mediated cell senescence. This offers a possibility to promote cell differentiation and senescence and limit proliferation via a switch to β-catenin binding to p300 by targeting CBP, and to ultimately eliminate CMLs, including expressing T315I mutant BCR-ABL CMLs.

These results suggest the binding of β-catenin to CBP or p300 decides CML cell fate, proliferation or differentiation, which is independent of BCR-ABL mutation status. The inhibition of CBP could be a promising strategy for the treatment of CMLs including BCR-ABLT315I mutant CMLs (Figure 5). We speculate that effect may be related with a response to the balance mechanism of β-catenin/CBP and β-catenin/p300. However, the specific mechanism is currently unknown and deserve further investigation.




Figure 5 | A schematic model illustrating the putative mechanism by which CREB binding protein (CBP) down-regulation inhibits cell proliferation and induces cell differentiation. The interaction of β-catenin with CBP or p300crucially switches to hematopoietic stem cell (HSC) cells going to proliferation or differentiation, respectively. HSCs continuously provide more differentiated cells, while maintaining the HSC pool size throughout life by balancing self-renewal and differentiation (Left). However, β-catenin and CBP are aberrantly expressed in chronic myeloid leukemia (CML), switching the balance to malignant proliferation (Middle). The inhibition of CBP effectively inhibited cell growth and shifted the balance to β-catenin/p300-mediated senescence signaling in CML cells with expressing the wild-type or T315I mutant BCR-ABL (Right).
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