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AID-induced CXCL12 upregulation enhances
castration-resistant prostate cancer cell
metastasis by stabilizing b-catenin expression

Qi Li,1,3,5 Jinfeng Fan,2,5 Zhiyan Zhou,2,5 Zhe Ma,4,5 Zhifei Che,2 Yaoxi Wu,2 Xiangli Yang,3,* Peiyu Liang,2,*

and Haoyong Li1,6,*
SUMMARY

Prostate cancer (PCa) is one of themost commonmalignant diseases of urinary system and has poor prog-
nosis after progression to castration-resistant prostate cancer (CRPC), and increased cytosinemethylation
heterogeneity is associated with the more aggressive phenotype of PCa cell line. Activation-induced cyti-
dine deaminase (AID) is a multifunctional enzyme and contributes to antibody diversification. However,
the dysregulation of AID participates in the progression of multiple diseases and related with certain on-
cogenes through demethylation. Nevertheless, the role of AID in PCa remains elusive. We observed a sig-
nificant upregulation of AID expression in PCa samples, which exhibited a negative correlation with
E-cadherin expression. Furthermore, AID expression is remarkably higher in CRPC cells than that in
HSPC cells, andAID induced the demethylation of CXCL12, which is required to stabilize theWnt signaling
pathway executor b-catenin and EMT procedure. Our study suggests that AID drives CRPC metastasis by
demethylation and can be a potential therapeutic target for CRPC.

INTRODUCTION

Prostate cancer (PCa) is the second most common malignant disease in the male urinary system and ranks second and fifth among the newly

increased and leading causes of cancer-related deaths worldwide.1 Various therapies, including radical resection, chemotherapy, and endo-

crine therapy, have achieved a certain curative effect on hormone-sensitive prostate cancer (HSPC), whereas the overall survival rate of pa-

tients with failed androgen deprivation therapy has dropped. Epigenetic modifications are widely involved in the progression of various can-

cer types,2–4 and the (de)methylation of certain genes is crucial for the drug resistance and metastasis of castration-resistant prostate cancer

(CRPC).5,6 However, the molecular mechanism of demethylation that promotes CRPC metastasis remains elusive, and no effective therapeu-

tics that target this pathogenic change has been well explored.

As a versatile enzymewith 198 amino acids, activation-induced cytidine deaminase (AID) is usually expressed in germinal center B cells and

acts via somatic hypermutation and class switch recombination by leading to uracil-guanine (U:G)mismatch through the deamination cytosine

to uracil; eventually, AID facilitates antibody diversity against pathogen invasion.7 By contrast, the aberrant expression of AID is associated

with a variety of malignant diseases, including urothelial cell carcinoma, lymphoma, and hepatocellular carcinoma.8–10 Demethylation is one

of the most important constituents of epigenetic modification and predominantly occurs at CpG, where it has a vital role in transcription initi-

ation. The mechanism of AID-induced demethylation has gradually been realized through exploration and the most widely accepted pattern

is the deamination model: different from AID causes U:G mismatch by deaminating C into U, when AID-induced deaminate occurs at

5-methylcytosine (5-mC), the T:G mismatch would be accumulated and subsequently thymine DNA glycosylase (TDG) work together with

activated base excision repair system (BER) to replace T with C, and demethylation is achieved.11 Although the mechanism by which AID

causes demethylation is not fully understood, AID is a well-known contributor to the progression of malignant disease by demethylation.

The regulation of AID is complex; inflammatory paracrine signals, including a number of NF-kB-related factors, play a crucial role in the up-

regulation of AID.12 Interestingly, the majority of patients with PCa have a history of prostatic hyperplasia and chronic prostatitis; metformin

suppresses the castration-induced epithelial-mesenchymal transition (EMT) by downregulating the cyclooxygenase 2/prostaglandin E2

(PGE2)/signal transducer and activator of transcription 3 (STAT3) axis13 and restraining the inflammation caused by Trichomonas vaginalis

to reduce the malignant phenotype of PCa cell by blocking certain receptors (such as CXCR1, CXCR2); moreover, the expression levels of
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PGE2, NF-kB, and snail are downregulated.14 Coincidentally, Hyunjoo Lee et al. reported that the Cox-2/PGE2 pathway increases the expres-

sion of AID in B cells.15 These studies imply that AID is likely to be closely related with PCa through inflammation.

In our previous study, iTRAQ-based proteomics analysis revealed that AID silencing induces the suppression of CXCL12 and wntless Wnt

ligand secretion mediator (WLS). CXCL12 is a homeostatic pro-inflammation chemokine with a series of meticulous regulation mechanism

and is involved in embryonic development under physiological condition. The management of CXCL12 is complex, including NH2-terminal

and COOH-terminal truncation, peptidylarginine deiminase-induced citrullination, posttranslational modification,16 and eye-attracting

epigenetic modification.17 Anja Toli�c et al. reported that PARP-1 silencing decreases the methylation level of CXCL12 promoter and results

in the upregulation of CXCL12.17 The dysregulation of CXCL12 has a negative influence on fatal disease, including the enhancement of EMT

procedure.18 CXCL12 is related to the abnormal activation of the MAPK, NF-kB, Wnt/b-catenin, PI3K/AKT, and JAK2/STAT3 signaling path-

ways to drive cell proliferation, apoptosis, angiogenesis, and EMT in various malignant diseases.19 Interestingly, both CXCL12 and AID are

involved in chronic inflammation and the progression of malignant disease. Therefore, we hypothesize that AID drives the expression of

CXCL12 to promote the EMT in CRPC. Unfortunately, the mechanism of AID in the regulation of CXCL12 remains unclear.

Wnt proteins are a groupof hydrophobic glycoproteins with the posttranslationalmodification of palmitate bond to anN-terminal cysteine

or that of palmitoleic acid bond to a cysteine and are pasted on cell membranes tightly.20 Similar to G-protein-coupled receptors, WLS is a

multi-channel transmembrane protein that shuttles among endoplasmic reticulum, Golgi, and plasmamembrane to facilitate the intercellular

diffusion ofWnts.21Wnt proteins are arrested inWnt-producing cells underWLS suppression.22 CanonicalWnt pathway (Wnt/b-catenin) plays

a crucial role in embryogenesis and organogenesis, whereas the disorder of Wnt/b-catenin pathway exacerbates a large amount of disease

and is best known in cancer.23 As the executor of canonical Wnt signaling pathway, b-catenin induction is regulated by the phosphorylation

and ubiquitination caused by destruction complex. Wnt ligand deficiency leads to the formation of multiprotein destruction complex that

contains disheveled protein, glycogen synthase kinase 3 beta (GSK3b), casein kinase 1a (CK1a), adenomatous polyposis coli, and axin and

phosphorylates intracytoplasmic b-catenin at certain threonine and serine residues for ubiquitination; the next proteasome is employed

for the initial degradation of b-catenin.24 On the contrary, Wnt ligand is co-excitated with Frizzled and low-density lipoprotein receptor-

related protein (LPR5/6 receptors) to block the formation of destruction complex. Subsequently, stabilized b-catenin (free of degradation

caused by proteasome) is translocated into the nucleus and replaces inhibitor of T cell-specific transcription factor/lymphoid enhancer bind-

ing factor to regulate the expression of related downstream genes.25 Existing evidence suggests that the ectopic activation of Wnt/b-catenin

causes off-target phenomenon on downstream genes and cancer metastasis. For instance, Ipsita Pal and colleagues reported that b-catenin

facilitates colorectal carcinoma metastasis by promoting EMT progression.26 Interestingly, existing research revealed that UV radiation up-

regulates inflammation through the activation of the COX-2/PEG2 axis to stabilize the expression of b-catenin and finally facilitate skin carci-

nogenesis.27 A recent study indicated that CXCL12 cross-talks with Wnt/b-catenin to benefit the progression of liver fibrosis.28 These evi-

dences strongly suggest that AID is involved in the activation of Wnt/b-catenin; however, the underpinning mechanism, especially in PCa,

still needs to be further investigated.

In this study, we demonstrated that AID is a crucial administrator of CRPC cell metastasis by upregulating CXCL12 through demethylation

and stabilizing the expression of b-catenin to drive the expression of EMT-related proteins. Moreover, we also found that AID promotes the

expression of matrix metallopeptidase14 (MMP14) and WLS to facilitate CRPC and HSPC metastasis through non-demethylation method.

Our findings suggest that AID is a potential therapeutic target of CRPC.
RESULTS

AID is negatively related to E-cadherin expression in human PCa tissue

Based on existing evidence and our previous study, AID promotes the progression of various malignant diseases by activating the EMT pro-

cess. Hence, we compared the expression of AID and E-cadherin between PCa with metastasis (mPCa), PCa, prostatic hyperplasia with

chronic inflammation (PHCI), and normal prostate (NP) specimens. Expectedly, the expression of AID in mPCa tissue was remarkably higher

than those in the other three groups, and expression of AID in PCa tissue is significantly higher than that in PHCI andNPgroup (Figures 1A and

1B [a, d, g and j]). Interestingly, PHCI tissue expresses AID stronger than NP tissue significantly (Figures 1A and 1B [g and j]). Consistent with

the headstream of most PCa cells, AID is located in glandular epithelium cells. Subsequently, we further analyzed the subcellular localization

of AID and found that its localization is quite different among (m)PCa, PHCI, andNP tissues. Previous research indicated that AID ismore likely

degraded in the nucleus on account of heat shock protein deficiency, which protects tissues frommutation- or demethylation-induced cancer-

ization. However, the accumulation of AID in nucleus was remarkably increased in (m)PCa tissue, and interestingly, nuclear AID was observed

in PHCI but not in NP (Figures 1A and 1B [i and l]). These observations suggest that AID is incompetent in NP tissue and potentially establishes

the connection between inflammation and cancerization in prostate tissue.

Subsequently, wemeasured the expression of EMT-related protein E-cadherin, which regulates cell adherence. Different from the expres-

sion of AID, E-cadherin was downregulated in (m)PCa tissues comparedwith PHCI andNP (Figures 1C and 1D). Coincidentally, consistent with

the location of AID in (m)PCa tissue, E-cadherin was located in the glandular epithelium of NP tissue. Furthermore, the gene expression pro-

files of 370 PCa specimens (GSE21034) were used to perform gene correlation analysis. We found that AID expression shows a negative cor-

relation with E-cadherin. We divided the data into four groups by Gleason score. An obvious escalating trend in absolute R value was

observed with the increase in Gleason score (Figures 1E and 1F). Next, we measured the expression of AID and E-cadherin in NP, PHCI,

and (m)PCa tissueswith different ISUP (ISUP is short for International Society of Urological Pathology, a brand newGleason score-based rating

system for prostate cancer) level. We found remarkable difference in the expression of AID in NP and PHCI tissues, whereas the same result
2 iScience 26, 108523, December 15, 2023
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Figure 1. AID is negatively related to E-cadherin expression in human PCa tissue

(A and B) IHC of AID in humanmPCa, PCa, PHCI, andNP specimens. The expression of AID in (m)PCa and PHCI tissue is significantly higher than that in NP tissue

(p < 0.001, p < 0.001, respectively) and in (m)PCa tissue is significantly higher than that in PHCI tissue (p < 0.001), and the expression of AID in mPCa tissue is

significantly higher than that in PCa tissue. (p < 0.001). The red arrow points to expression of AID in nucleus. Scale bar, 200, 50, or 20 mm.

(C and D) Immunofluorescence staining of E-cadherin in human mPCa, PCa, PHCI, and NP specimens. The expression of E-cadherin in PHCI and NP tissue is

significantly higher than that in (m)PCa tissue (p < 0.001, p < 0.001, respectively) and there is no significantly difference between PHCI and NP tissue

(p = 0.56). Scale bar, 100 mm.

(E and F) The gene correlation analysis between AICDA andCDH1 (encoding E-cadherin) based on database GSE21034. Pearson r values are used to indicate the

correlation level. The overall Pearson R value between AICDA andCDH1 is�0.479 (p < 0.001), and in Gleason score 6, 7, 8, and 9 group is�0.369,�0.534,�0.609,

and �0.954, respectively (p < 0.001, p < 0.001, p < 0.01, p < 0.001, respectively).

(G–I) The relative expression of AID and E-cadherin in human PCa tissue. The specimens are distinguished by ISUP level. Overall, the expression of AID in PCa

tissue is significantly stronger than that in PHCI and NP tissue. The expression of AID in ISUP 4 and ISUP 5 is significantly higher than that in ISUP 2 and ISUP 3

(p < 0.05, <0.05, <0.05, <0.05, respectively), and there is no significant difference between ISUP 2 and ISUP 3 (p = 0.6845), or ISUP 4 and ISUP 5 (p = 0.8915). The

expression of E-cadherin is significantly decreased with the increase of ISUP level, except ISUP 3 and ISUP 4 (p = 0.0814). All the experiments were repeated three

times. Two-sided Student’s t test was used for A–D and G–I, Pearson correlation coefficient was used for E and F. *p < 0.05, **p < 0.01, ***p < 0.001, n.s, no

significance.
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was not observed for the expression of E-cadherin (Figures 1G and 1I). Furthermore, no statistical difference was observed between the

expression of AID in tissues with ISUP level 2 and 3. However, the expression of E-cadherin in tissues with ISUP 2 was significantly higher

than those with ISUP 3. Furthermore, there is no significant difference of AID expression between ISUP 4 and ISUP 5. However, the

E-cadherin expression remarkably downregulated with increased ISUP level (except ISUP 3 and ISUP4). These results indicated that AID is

involved in the metastasis of PCa and the correlation between AID and E-cadherin is probably not only dose dependent.
AID upregulates the invasiveness of PCa cells in vitro

Various PCa cell lines, including C4-2, C4-2B, PC-3, DU145, 22RV1, and LNCaP, were used to explore the relative expression of AID on the

protein level. According to origins from the same lineage and those with relatively higher or lower expression of AID than other cell lines

(Figures 2A and 2B), C4-2, C4-2B, and LNCaP were selected for the following experiment. Next, we compared the expression of a couple

of EMT-related proteins, including CXCL12, E-cadherin, N-cadherin, vimentin, MMP14, and WLS, in these three prostate cancer cell lines.

Expectedly, the expression of these proteins in C4-2 and C4-2B cells was remarkably higher than those in LNCaP cells, except E-cadherin

(Figures 2C–2E). Subsequently, transwell assay was used to compare the invasiveness of C4-2, C4-2B, and LNCaP. C4-2 and C4-2B had a

more aggressive phenotype than LNCaP (Figures 2F and 2G). The lentivirus-based specific short hairpin RNA (shRNA) of AICDAwas designed

to downregulate the protein expression of AID, and the shRNA with the best inhibition rates was used in the subsequent experiments

(Figures S1A and S1B). Inhibition rates of 83.5%, 81.5%, and 53% were observed in C4-2, C4-2B, and LNCaP cells, respectively (Figures 2H

and 2I). Next, the expression levels of CXCL12, N-cadherin, E-cadherin, and vimentin in C4-2, C4-2B, and LNCaP cell lines were measured.

The expression of the proteins described previously was considerably suppressed in C4-2 andC4-2B cells under AID silencing (Figures 2J–2L),

whereas only MMP14 and WLS were downregulated by AID silencing in LNCaP cells (Figures 2M and 2N). These results indicate that AID

promotes EMT process in CRPC cell but not in HSPC cell. Transwell assay was performed to explore the influence of AID on the invasiveness

of C4-2, C4-2B, and LNCaP cells. The invasiveness of C4-2 and C4-2B cells was suppressed (Figures 2O and 2P). Furthermore, AID silencing

also inhibited the proliferation and migration of C4-2, C4-2B, and LNCaP cells (Figures S2A–S2E). Although the expression of CXCL12,

N-cadherin, E-cadherin, and vimentin was not affected by AID knockdown, AID silencing inhibited the invasiveness of LNCaP cells

(Figures 2O and 2R).

Taken together with the molecular function of AID and experiment results, we consider that AID participates in EMT procedure in CRPC

cells and potentially plays a role in the advancement of PCa to CRPC.
AID enhances the malignant phenotype of C4-2B cells in vivo

C4-2B had themostmalignant phenotype among the three PCa cell lines; thus, it was used in the animal experiments to explore the impact of

AID on CRPC cell in vivo. AID silencing substantially decreased the proliferation of C4-2B cells in nude mice. Tumor volume (in mm3) was

calculated by the formula, 0.5 3 (long diameter) 3 (short diameter)2. The mice were killed by CO2 overdose transiently after 14 days, and

the isolated lump body was used to perform immunohistochemistry (IHC) assay. The tumor volume of the shCon group was obviously larger

than the shAICDA group (Figures 3A and 3B). Subsequently, the isolated solid tumor tissue was used to measure the expression of AID,

CXCL12, E-cadherin, N-cadherin, vimentin, MMP14, andWLS; IHC staining shows that the expression of target proteins described previously

in the shCon group was considerably higher than that in the shACIDA group, and the expression of E-cadherin is conversely (Figures 3C and

3D). Besides, consistent with the IHC of human (m)PCa specimen, AID was more highly expressed in the nucleus of tumor cell in the shCon

group than that in the shAICDA group (Figures 1A, 1B, 3C, and 3D).

In the metastatic assay, AID silencing obviously inhibited the metastasis of C4-2B cells. In the negative control group, the number of met-

astatic tumors in nude mice lung was evidently much more than that in the AID silencing group (Figures 3E and 3F). Furthermore, IHC assay

was performed to observe the order of severity of intrapulmonary metastases and the expression level of AID, CXCL12, E-cadherin,
4 iScience 26, 108523, December 15, 2023
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Figure 2. AID upregulates the invasiveness of PCa cells in vitro

(A and B) The expression of AID in prostate cancer cell lines. Overall, the expression of AID in CRPC cells is significantly higher than that in HSPC cells. There is no

significant difference of AID expression between C4-2, C4-2B, and PC3 cells (p = 0.4057, 0.5165, and 0.6612, respectively), or between 22RV1 and LNCaP cells (p =

0.5185).

(C–E) The expression of CXCL12, E-cadherin, N-cadherin, vimentin, MMP14, and WLS in experimental cell lines. The EMT-related proteins described above

express significantly higher in CRPC cells than that in androgen-sensitive prostate cancer cells (p < 0.01); conversely, the expression of E-cadherin in HSPC

cells is significantly higher than that in CRPC cells (p < 0.001), and the expression of those proteins has no significant difference between C4-2 and C4-2B

cells (p > 0.05).

(F andG) Transwell assay shows that the invasiveness of C4-2 andC4-2B cells is significantly stronger than that in LNCaP cells (p < 0.001), and there is no significant

difference between C4-2 and C4-2B cells (p = 0.4138).

(H and I) The lentivirus-based AICDA-specific shRNA significantly inhibits AID expression in all three experimental cell lines (C4-2 and C4-2B: p < 0.001; LNCaP:

p < 0.05, respectively).

(J–L) AICDA silencing significantly downregulates CXCL12, N-cadherin, vimentin, MMp14, andWLS and upregulates E-cadherin in C4-2 and C4-2B cell (p < 0.01).

(M and N) The expression of MM14 (p < 0.001) and WLS (p < 0.001) in LNCaP cells is significantly inhibited by AICDA silencing.

(O–R) Transwell assay shows that shAICDA significantly suppresses the invasiveness of C4-2 (p < 0.05), C4-2B (p < 0.001), and LNCaP cells (p < 0.01). Scale bar,

50 mm. Student’s t test or one-way ANOVA was used to evaluate statistical differences, and data are presented as the means G standard deviation, all

experiments were repeated three times. Two-sided Student’s t test was used for all panels. *p < 0.05, **p < 0.01, ***p < 0.001, n.s, no significance.
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N-cadherin, vimentin, MMP14, and WLS in metastatic tumor. As expected, all metastatic tumors express target proteins strongly, except

E-cadherin (Figures 3F–3H). Moreover, the nests of neoplastic cells in both groups expressed AID in the nucleus strongly (Figures 3G and 3H).

Furthermore, another two group of metastatic module mice (n = 17) were used in survival time assay. The autopsy-dependent approach

demonstrated that all the experimental mice died frommetastatic tumor-induced respiratory failure or pulmonary vascular rupture (Figure 3I)

and AID silencing remarkably increased the lifespan of nude mice. The median survival time of the shCon and shAICDA groups was 18.311

and 10.349 days (p < 0.01), respectively (Figure 3J). These results suggested that AID is required for the proliferation and metastasis of C4-2B

cells in vivo, and the suppression of AID prolongs the life cycle of nude mice.
5-Aza-20-deoxycytidine antagonizes the downregulation of CXCL12 and the invasiveness of CRPC cells caused by AID

silencing

5-Aza was used to explore the potential mechanism of AICDA silencing-induced downregulation of CXCL12. 5-Aza significantly promotes the

expression of CXCL12 on protein level in all experimental cell lines; interestingly, AID silencing was not inhibited by the CXCL12 expression in

LNCaP cell line (Figures 4A and 4B).

The lentivirus-based specific shRNA of CXCL12 was designed to downregulate the protein expression of CXCL12, and the shRNAwith the

best inhibition rates was used in the subsequent experiments (Figures S3A and S3B). Furthermore, CXCL12 silencingwas not influencedby the

expression of AID in C4-2, C4-2B, and LNCaP cell line (Figures 4C and 4D), andAID silencing obviously depressed the CXCL12 transcription in

C4-2 and C4-2B cell lines, whereas the same result was not observed in LNCaP cells (Figure 4E). These results suggested that AID-induced

demethylation modification regulates the CXCL12 expression unidirectionally in C4-2 and C4-2B cell lines. Moreover, to validate if CXCL12 is

the footstone of AID silencing-induced depression of invasiveness in C4-2 and C4-2B cell line, 5-aza was used to treat the CXCL12-silenced

C4-2, C4-2B, and LNCaP cell lines. CXCL12 silencing significantly upregulated E-cadherin and downregulated N-cadherin and vimentin in

C4-2 and C4-2B cell lines, and 5-aza neither counter the upregulation of E-cadherin nor downregulation of N-cadherin and vimentin

(Figures 4F and 4G); however, both CXCL12 silencing and 5-aza was incapable of regulating the expression of E-cadherin, N-cadherin,

and vimentin in LNCaP cells. Moreover, 5-aza significantly converted the AICDA silencing-induced upregulation of E-cadherin and downre-

gulation of N-cadherin and vimentin in C4-2 andC4-2B cells, and consistent with the experiment result describedpreviously, the expression of

E-cadherin, N-cadherin, and vimentin in LNCaP cells was not influenced by the AICDA silencing (Figures 4H–4K). Then, the specific overex-

pression sequence of AICDA was employed to upregulate AID in C4-2 and C4-2B cells (Figures S4A–S4D). However, AID overexpression

failed to upregulate N-cadherin and vimentin or downregulate E-cadherin in CXCL12 silenced in C4-2 and C4-B cells (Figures 4L–4N). These

results indicated that expression of EMT-related proteins including E-cadherin, N-cadherin, and vimentin was not affected by demethylation

modification directly in C4-2 and C4-2B cell line, and CXCL12 is indispensable for AID-induced EMT process in C4-2 and C4-2B cells. Besides,

consistent with the AICDA silencing group, transwell assay showed that the invasiveness of C4-2 and C4-2B cells was also downregulated by

CXCL12 silencing; 5-aza converts the AICDA silencing-induced invasiveness depression in C4-2 andC4-2B cells; however, the same result was

not observed in CXCL12-silenced group (Figures 4O and 4P). These results suggested that demethylation is incapable of enhancing the inva-

siveness of CXCL12-silenced C4-2 and C4-2B cells and further confirmed that CXCL12 is an irreplaceable relay station in AID-induced inva-

siveness upregulation of C4-2 and C4-2B cells. In addition, overexpression of AID failed to recover the CXCL12 silencing-induced expression

variation of E-cadherin, N-cadherin, and vimentin, whereas transwell assay showed that overexpression of AID partially recovered the CXCL12

silencing-induced invasiveness depression of C4-2 and C4-2B cells, and this phenomenon indicated that some other factors are also involved

in the AID-induced invasiveness upregulation of C4-2 and C4-2B cells.

CXCL12 is positively related to the Wnt/b-catenin signaling pathway and promotes the EMT process in malignant disease. Thus, correla-

tion analysis was performed between CXCL12 and the vital factors of the Wnt/b-catenin pathway in multiple databases, including CSNK1A1

(encoding CK1a), GSK3b, and CTNNNB1 (encoding b-Catenin). We found that the transcription of CXCL12 is negatively related to b-catenin
6 iScience 26, 108523, December 15, 2023
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Figure 3. AID enhances the malignant phenotype of C4-2B cells in vivo

(A and B) AICDA silencing significantly suppresses the proliferation of C4-2B cells in nude mice (n = 8, p < 0.001). Tumor volume (in mm3) was calculated by the

formula, 0.5 3 (long diameter) 3 (short diameter)2.

(C andD) IHC shows that AID, CXCL12, N-cadherin, vimentin, MMP14, andWLS expression is significantly higher in shCon group than that in shAICDA group, and

expression of E-cadherin is conversely (n = 8, p < 0.01). Scale bar, 50 or 20 mm.

(E and F) The number of metastatic tumor in shCon group is significantly much more than that in shAICDA group (n = 8, p < 0.01). (G and H) IHC shows that the

expression of AID, CXCL12, N-cadherin, vimentin, MMP14, andWLS in shCon group is significantly higher than that in shAICDA group (p < 0.001), and there is no

significant difference of E-cadherin expression level between both group (p > 0.05), and almost all metastatic cancer cells express target proteins strongly, except

E-cadherin. Scale bar = 100 or 50 mm.

(I) HE staining of experimental mice lung shows that all nude mice used in survival time analysis die of C4-2B cell-induced pulmonary alveoli or blood vessel

destruction. Scale bar, 100 mm.

(J) The Kaplan-Meyer curve was performed to explore the influence caused by AID on survival time of nude mice. AICDA silencing significantly prolongs the

survival time of nude mice (n = 17, p < 0.001). Two-sided Student’s t test was used for A and B and E and F, one-way ANOVA was used for C and D and G

and H, log rank was used for J, *p < 0.05, **p < 0.01, ***p < 0.001, n.s, no significance.
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suppressor CSNK1A1 (GSE46691) (Figure 4Q) and positively related to CTNNB1 under biochemical recurrence condition (according to The

Cancer Genome Atlas, Figure 4R). Furthermore, the negative correlation was also established between AICDA and CSNK1A1 based on

GSE46691 (Figure S5A). However, the remarkable correlation between CXCL12 and GSK3b was not observed based on the databases

(Figures S5B–S5D). In conclusion, AID promotes EMTprocess by regulating the expression of CXCL12 unidirectionally through demethylation

in C4-2 and C4-2B cells.
AID-induced upregulation of CXCL12 stabilizes b-catenin to enhance EMT by inhibiting CK1a in CRPC cells

As the core factor of the WNT pathway, the stability of b-catenin plays a crucial rule in the EMT procedure of malignant diseases. However,

phosphorylated b-catenin is apt to undergo ubiquitination and result in degradation. Hence, the expression of the component of destruction

complex CK1awasmeasured to understand the underlyingmechanism of AID-induced EMT in C4-2 andC4-2B cells.We found that CK1awas

upregulated in the shAICDA and shCXCL12 groups (Figures 5A–5C), and the expression of CK1a was not influenced by 5-aza (Figures S6A–

S6C). Subsequently, the expression of b-catenin and pS45-b-catenin/pS33-pS37-Thr41-b-catenin wasmeasured in C4-2 and C4-2B cells under

AID or CXCL12 knockdown. b-Catenin was remarkably suppressed, and the expression of pS45-b-catenin and pS33/pS37/Thr41-b-catenin

was upregulated (Figures 5D–5H). The pS45-b-catenin is necessary for the GSK3b-induced phosphorylation of b-catenin (pS33/pS37/T41-

b-catenin); thus, CXCL12 enhances the expression of b-catenin by blocking the destruction complex-based phosphorylation chain through

repressing the expression of CK1a. Subsequently, b-catenin inhibitor pyrvinium, which is specific activator of CK1a, was employed to further

substantiate the mechanism of AID-induced EMT in C4-2 and C4-2B cells. Treatment with pyrvinium at appropriate concentration (5 mM) and

time(48 h)(Figures S7A and S7B) remarkably upregulated the expression of pS45-b-catenin and pS33/pS37/T41-b-catenin and downregulated

b-catenin (Figures 5I–5O). Additionally, no remarkable difference was found among the shAICDA, shCXCL12, and shCon + pyrvinium groups.

ShAICDA+shCXCL12 failed to further reduce the expression of b-catenin, and the upregulation of pS45-b-catenin and pS33/pS37/T41-b-cat-

enin was also not observed (Figures 5I–5O).

Moreover, the expression of E-cadherin, N-cadherin, and vimentin was also measured under the experiment condition described previ-

ously and compared with the influence on the expression of b-catenin with or without phosphorylation. Pyrvinium caused the similar result in

these proteins (Figures 5I–5O). The results suggest that these EMT-related proteins are regulated by AID indirectly through b-catenin in C4-2

and C4-2B cell. Next, transwell assay was performed to test the influence of pyrvinium on the invasiveness of C4-2 and C4-2B cells. No remark-

able difference was observed among the shAICDA, shCXCL12, shAICDA + shCXCL12, and shCon + pyrvinium group, and the experimental

data of shCon + DMSO group were obviously higher than those of the other groups (Figures 5P–5R).

Furthermore, the expression of pS45-b-catenin and pS33-pS37-Thr41-b-catenin was measured under AID induction in CXCL12-silenced

C4-2 and C4-2B cells. Consistent with the result in Figure 4I, AID overexpression failed to manage the expression of pS45-b-catenin and

pS33-pS37-Thr41-b-catenin without the assistance of CXCL12 in C4-2 and C4-2B cells (Figures 5S–5U). In summary, AID promotes the

EMT process by stabilizing b-catenin through the demethylation of CXCL12.
AID facilitates the metastasis of PCa cells by upregulating MMP14 and WLS

The expression of MMP14 and WLS was measured on the protein level in C4-2, C4-2B, and LNCaP cell lines. AICDA silencing significantly

suppressed the MMP14 expression in all experimental cell lines, and 5-aza partially recover the AICDA silencing-induced inhibition of

MMP14 in C4-2 and C4-2B cells (Figures 6A and 6B). Besides, CXCL12 silencing significantly suppressed the MMP14 expression in C4-2

and C4-2B cells and overexpression of AID partially recover the CXCL12 silencing-induced MMP14 inhibition, and 5-aza failed to recover

the CXCL12 silencing-induced MMP14 inhibition (Figures 6C–6E). Moreover, overexpression of AID significantly upregulated the expression

of MMP14 in LNCaP cells; however, neither CXCL12 silencing nor 5-aza influenced theMMP14 expression (Figures 6C–6E). These results sug-

gested that AID-CXCL12 axis was participated in theMMP14 regulation in C4-2 andC4-2B cells; however, AID also regulatedMMP14 through

pathways other than demethylation. In addition, CXCL12 or AID-induced demethylation was incapable of regulated MMP14 expression in

LNCaP cells. These results exactly explain the experimental result in Figure 4O, that is, AID silencing suppresses the invasiveness of LNCaP
8 iScience 26, 108523, December 15, 2023
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Figure 4. AID promotes the EMT process in C4-2 and C4-2B cell lines through CXCL12 demethylation

(A and B) AID silencing significantly inhibited the expression of CXCL12 on protein level in C4-2 and C4-2B cells (p < 0.01), and there is no significant difference

between shCon and shAICDA group in LNCaP cells (p = 0.508). The expression of CXCL12 in shAICDA+5-aza (50 nM, dissolved in PBS) group is remarkable than

that in shAICDAgroup in C4-2 andC4-2B (p < 0.01) cells, and there is no significant difference between shCon and shAICDA+5-aza group (p = 0.811). Besides, the

expression of CXCL12 in LNCaP cells was also upregulated by the demethylation reagent (p < 0.01). AICDA silencing-induced downregulation of CXCL12 was

recovered by the treatment of 5-aza (50 nM, dissolved in PBS); furthermore, the expression of CXCL12 in LNCaP cells was also upregulated by the demethylation

reagent.

(C and D) The shRNA-based specific sequence significantly inhibited the expression of CXCL12 in all experimental cell lines (p < 0.001); however, the expression

of AID was not influenced by downregulation of CXCL12 (p > 0.05).

(E) RT-PCR demonstrated that the transcription of CXCL12 was remarkably suppressed by AICDA silencing in C4-2 and C4-2B cells (p < 0.001), and there is no

significant difference between blank and shCon group (p > 0.05), and transcription of CXCL12 was not influenced by AICDA silencing in LNCaP cells (p > 0.05).

(F and G) CXCL12 silencing significantly downregulated the expression of N-cadherin and vimentin and upregulates the expression of E-cadherin in C4-2

(p < 0.01, <0.001 and <0.05) and C4-2B (p < 0.001) cells; however, the same result was not observed in LNCaP cells (p > 0.05). The treatment of 5-aza failed

to recover the CXCL12 silencing-induced expression variation of E-cadherin, N-cadherin, and vimentin (p > 0.05).

(H–K) The treatment of 5-aza (50 nM, dissolved in PBS) converts the AICDA silencing-induced expression variation of E-cadherin, N-cadherin, and vimentin in C4-2

and C4-2B cells (p < 0.001), and as expected, there is no difference between shCon, shAICDA+5-aza, and shAICDA group (p > 0.05).

(L–N) The relative expression of EMT-related proteins including E-cadherin, N-cadherin, and vimentin was detected in shCon, shCXCL12 + OEAICDA, and

shCXCL12 group, and OEAICDA failed to upregulate N-cadherin and vimentin, or downregulate E-cadherin in CXCL12-silenced C4-2 and C4-2B cells (p > 0.05).

(O and P) Transwell assay shows that both AICDA and CXCL12 silencing depressed the invasiveness of C4-2 (p < 0.001) and C4-2B (p < 0.001) cells, and 5-aza

upregulates the invasiveness of AICDA-silenced C4-2 (p < 0.001 and <0.001) and C4-2B (p < 0.001 and <0.001) cells but CXCL12-silenced C4-2 and C4-2B cells

(p > 0.05). Nevertheless, the invasiveness of CXCL12-silenced C4-2 and C4-2B cells was enhanced by overexpression of AICDA (p < 0.01), Scale bar, 50 mm.

(Q) The gene correlation analysis between CXCL12 and CSNK1A1 (encoding CK1a) based on database GSE46691. Pearson r values are used to indicate the level

of correlation. The Pearson R value between CXCL12 and CSNK1A1 is �0.715 (p < 0.001).

(R) The gene correlation analysis between CXCL12 and CTNNB1 (encoding b-catenin) based on TCGA database (497 specimen). The R value is 0.1597 and 0.4043

in biochemical recurrence-free (p = 0.0023) and biochemical recurrence group (p = 0.0016), respectively. Two-sided Student’s t test was used for A–P, Pearson

correlation coefficient was used for Q and R. *p < 0.05, **p < 0.01, ***p < 0.001, n.s, no significance.
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cell and however, the expression of EMT-related proteins, including CXCL12, E-cadherin, N-cadherin, and vimentin, was not affected; and

overexpression of AICDA partially recover the CXCL12 silencing-induced invasiveness depression of C4-2 and C4-2B cells.

Besides,WLS was suppressed by AID knockdown (Figures 6A and 6B) and not influenced by CXCL12 silencing or 5-aza in C4-2, C4-2B, and

LNCaP cells (Figures 6C–6E). In addition, AID overexpression enhanced the expression of WLS in all three cell lines (Figures 6C–6E). These

results suggested that AID regulates WLS independent of CXCL12 in C4-2, C4-2B, and LNCaP cells. As the specific transporter of Wnt pro-

teins, WLS is thought to assist in Wnt spreading between cells to activate theWnt/b-catenin pathway and ultimately strengthen the EMT pro-

cess. In our study, AID silencing downregulated WLS in all experimental cell lines. However, the expression of EMT-related proteins and in-

vasion ability were quite different between CRPC and HSPC cells and we attribute these differences to the phosphorylation of b-catenin.

Subsequently, pyrvinium-treated C4-2 and C4-2B cells were used to study the impact of b-catenin on MMP14 expression. We found that

the expression of MMP14 was suppressed by CK1a activator in C4-2 and C4-2B cells (Figures 6F and 6G). The results further confirmed that

AID-CXCL12-b-catenin axis plays a role in the AID-induced upregulation of MMP14; however, it is not the only path in this regulatory relation-

ship and more experiments are needed.

Transwell assay was performed to verify the results described previously. Consistently, the invasiveness of LNCaP was not inhibited by the

pyrvinium and CXCL12 silencing, whereas the opposite result was observed in AICDA-silenced group, and 5-aza was unable to resist the

AICDA silencing-induced invasiveness depression or upregulate the invasiveness of LNCaP cells in CXCL12-silenced group. Furthermore,

overexpression of AID significantly enhanced the invasiveness of LNCaP cells (Figures 6H and 6I). These results demonstrated that

CXCL12 is an outsider to the AID-induced upregulation of invasiveness in LNCaP cell line, and demethylation was not involved in the AID-

related invasiveness enhancing of LNCaP cells.

Although the mechanism of how AID enhances the expression of MMP14 and WLS was not totally understood, the AID-induced upregu-

lation of MMP14 and WLS was observed. The function of AID in promoting cancer progression has been demonstrated in various malignant

diseases, including PCa. Thus, we consider that AID promotes the expression of MMP14 and WLS to facilitate the metastasis of PCa cells.
DISCUSSION

AID is a zinc-dependent DNA-editing enzyme located in chromosome 12q13, has high single-strand DNA-binding affinity, and drives gene

expression profile. In past decade, quite a number of researches reported that AID is involved in variousmalignant diseases by inducing point

mutation and demethylation, or participating in cancer-related inflammation. In our experiment, AICDA silencing-induced downregulation of

N-cadherin and vimentin and upregulation of E-cadherin was recovered by the treatment of demethylation reagent 5-aza in C4-2 and C4-2B

cells, whereas 5-azawas incapable to withstandCXCL12 silencing-induced expression variation of EMT-related proteins describedpreviously;

interestingly, AICDA silencing-inducedCXCL12 depressionwas recovered by 5-aza; these results suggested that E-cadherin, N-cadherin, and

Vimentin was not regulated by demethylation modification directly; furthermore, AID promoted CXCL12 expression through demethylation

and further enhanced the EMT process in C4-2 and C4-2B cells by regulating those EMT-related proteins. Moreover, upregulation of CXCL12

inhibited the phosphorylation of b-catenin at S45 through the suppression of CK1a expression. Besides, AID facilitated themetastasis of PCa
10 iScience 26, 108523, December 15, 2023
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Figure 5. AID-induced upregulation of CXCL12 stabilizes b-catenin to enhance EMT by inhibiting CK1a in CRPC cells

(A–C) Expression of CK1a is significantly upregulated by both AICDA and CXCL12 silencing in C4-2 and C4-2B (p < 0.001) cells.

(D–H) AICDA and CXCL12 silencing significantly downregulates b-catenin and conversely promotes the expression of pS45-b-catenin and pS33/S37/Thr41-

b-catenin in C4-2 (shAICDA: p < 0.001, <0.01 or <0.001; shCXCL12: p < 0.001) and C4-2B (shAICDA: p < 0.0001, <0.001, <0.01; shCXCL12: p < 0.001, <0.01

or <0.01) cell line.

(I–O) Pyrvinium significantly inhibits the expression of b-catenin (p < 0.001), N-cadherin (p < 0.001), and vimentin (p < 0.01, <0.001) and promotes the expression of

pS45-b-catenin (p < 0.001), pS33/S37/Thr41-b-catenin (p < 0.01, <0.001), and E-cadherin in C4-2 and C4-2B cells (p < 0.001), and its inhibition efficiency was not

statistical difference from shCon, shAICDA, shCXCL12, or shAICDA+shCXCL12 group (p > 0.05).

(P–R) Transwell assay shows that pyrvinium significantly suppresses the invasiveness of C4-2 and C4-2B cells (p < 0.001), and there is no significantly difference

between shCon+ Pyrvinium and shAICDA and shCXCL12 or shAICDA+shCXCL12 group (p > 0.05). Scale bar, 50 mm.

(S–U) Overexpression of AID failed to upregulate b-catenin or downregulate pS45-b-catenin and pS33/S37/Thr41-b-Catenin in CXCL12 silenced C4-2 and C4-2B

cells (p > 0.05). Student’s t test or one-way ANOVAwas used to evaluate statistical differences, and data are presented as themeansG standard deviation, every

experiment is repeated three times. Two-sided Student’s t test was used for all panels. *p < 0.05, **p < 0.01, ***p < 0.001, n.s, no significance.
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cells by enhancing the expression of MMP14 through the demethylation of CXCL12 partly. Although 5-aza failed to regulate the target pro-

teins expression in LNCaP cells, AICDA silencing-caused suppression of MMP14 andWLS was observed; these results indicated that AID not

only promotes the EMT process of CRPC cell line by regulated CXCL12 through demethylation, but also facilitates the metastasis of PCa cell

line by enhanced extracellular matrix degradation and Wnts transportation. However, the gene-specific targeting of AID is not fully under-

stood, and the mechanism of upregulation of MMP14 and WLS by AID through non-demethylation approach remains unclear, and further

research is needed.

Since the discovery of Honjo, much effort has been carried out to determine the mechanism of the chaotic biological progress caused by

AID. Themain molecular structural character of AID is catalytic domain with typical a-b-a Zn2+ bindingmodification, which consists HXEX (23–

28) PCX (2–4) C (X is any amino acid) and thus provides one histidine and two cysteines as Zn2+-coordinating residues to collaborate with

glutamic acid and deaminize dC through nucleophilic attack.29 According to the inferior catalytic efficiency of AID than that of a typical

enzyme, multiple approaches were used to explore the regulation of AID activation. The most fascinating approach is the conformational

dynamics theory. King et al. identified several secondary catalytic loops that comprise the 21 non-constituent amino acids of AID that regulate

the accessibility of catalytic pocket by fluid dynamics to determine catalytic efficiency.30 Therein, loop 2 (L2, comprises G23, R24, R25, E26,

T27, and L29 residues) and loop 8 (L8, comprises Y114, F115, and E122 residues) are considered to mediate 5-mC tolerance, substrate spec-

ificity, and dC stabilization.31 Hence, L2 and L8 are the potential managers of AID-induced demethylation.

Besides, Bachl et al. demonstrated that immunoglobulin (Ig) gene transcriptional activation is based on specific enhancer; k intron and k30

enhancer is associated with hypermutation rate.32 This observation indicated that enhancer is a potential guide for AID-induced deamination,

as well as AID-induced demethylation, theoretically.

Indeed, existing evidence revealed that transcription activation is insufficient to induce AID target genes unless the genes coexist with the

activated enhancers. Certain histones in chromatin, such as H3K27Ac and H3K4me1, are substantial markers of enhancer activation. TC-seq-

based exploration demonstrated that AID hotspot region highly overlaps with H3K27Ac and H3K4me1 modification.33 Moreover, transcrip-

tion factors, such as E2A and PAX5, drive the distribution of AID in the genome by binding at the enhancers of Ig gene.34

Ten-eleven translocation (TET) proteins, including TET1/2/3, are a collection of dioxygenases that induce the Fe2+ and a-ketoglutarate-

dependent iterative oxidation of 5-hydroxymethylcytosine (5hmC) / 5-formylcytosine (5fC) / 5-carboxylcytosine (5caC) conversion.35

Similar with AID-induced demethylation, 5fC and 5caC are recognized by TDG and followed up with BER activation to realize demethyla-

tion.36 The physical processivity of TET is analogous to slide along the DNA from one CpG island to another, whereas TET, which induced

5mC-to-5caC conversion, is iteratively catalyzed without releasing substrates in chemical processivity.36 We speculated that similar with

competitive inhibition, CpG islands located downstream of initial binding site are occupied by other TETs and result in chemical processivity.

On the contrary, physical processivity is activated under TET deficiency. Biochemical, structure and enzyme dynamics studies revealed that

TETs prefer 5mC rather than 5hmC or 5fC, and the discrepant ability of all three substrates in hydrogen attraction led to the preferential catal-

ysis of 5mCby TET2.37 Furthermore, themutation of specific amino acid residues (mainly in catalyze domain) in TET2 causes a similar selection

bias of substrate as described previously.35 According to a previous study, TETs are involved in PCa. Shivani Kamdar et al. showed that TET2

was suppressed in androgen-sensitive PCa and drives several PCa-related genes expression through methylation modification.38 Addition-

ally, hypoxic intracellular environment and TET gene mutation in androgen-dependent PCa are capable of downregulating the capacity of

TETs to catalyze.39 These previous studies indicated that TET-induced demethylation is deprived in androgen-sensitive PCa. However, based

on the mechanism described previously, TETs would like to be released from androgen-induced suppression. The distribution of TET-

induced 5hmC highly overlaps with the enhancer activation markers H3K27Ac and H3K4me1. Moreover, TETs participate in the activation

of the enhancer by collaborating with transcription factors, such as C/EBPa, Klf4, and Tfcp2I1, to increase chromatin accessibility and facilitate

biological progress, such as transcription initiation.40 Interestingly, Chan-Wang et al. identified that transcription factor E2A recruits TETs to

activate the enhancer.41 Similarly, AID is also driven by E2A and attracted by the opening of the chromosomal frame asmentioned previously.

Furthermore, Jiao and colleagues reported that AID collaborates with TET2 to induce the demethylation of FANCA promoter in diffuse large

B cell lymphoma and confirmed the protein-protein interaction between two demethylation drivers through immunoprecipitation assay.42

Based on the mechanism described previously, we hypothesis that E2A recruits ectopic TETs to trigger the activation of CXCL12 enhancer

through the catalytic oxidation of 5mC. Subsequently AID is tempted by H3K27Ac and H3K4me1 to recognize the target gene to realizing

TET-based demethylation in CRPC cells.
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Figure 6. AID facilitates the metastasis of PCa cells by upregulating MMP14 and WLS

(A and B) AICDA silencing significantly downregulates the expression ofMMP14 andWLS inC4-2 (p < 0.001), C4-2B (p < 0.001), and LNCaP (p < 0.05, <0.001) cells.

5-Aza partially rescued AICDA silencing caused byMMP14 depression in C4-2 (p < 0.01) and C4-2B (p < 0.001) cells, and expression of WLS was not influenced by

5-aza significantly in all experimental cell lines (p > 0.05).

(C–E) CXCL12 silencing obviously inhibits the expression of MMP14 in C4-2 (p < 0.001) and C4-2B cells (p < 0.001) but not in LNCaP cells (p > 0.05), and the

expression of WLS was not influenced by CXCL12 silencing significantly in all experimental cell lines (p > 0.05) and overexpression of AICDA dramatically

upregulated the expression of WLS in all three experimental cell lines (p < 0.01). 5-Aza was unable to upregulate the expression of MMP14 and WLS in

CXCL12-silenced experimental cell lines (p > 0.05), and overexpression of AICDA partially recover or promote the expression level of MMP14 in CXCL12-

silenced C4-2 and C4-2B cells (p < 0.01) or LNCaP (p < 0.01) cells, respectively.

(F and G) CK1a-specific activator pyrvinium remarkably downregulated the expression of MMP14 in C4-2 (p < 0.001) and C4-2B (p < 0.001) cells, whereas is

unfunctional in upregulated MMP14 in LNCaP cells (p > 0.05).

(H and I) Transwell assay showed that AICDA silencing suppressed the invasiveness of LNCaP obviously (p < 0.001), there is no difference of invasiveness between

shCon group and pyrvinium, CXCL12 knockdown, 5-aza group (p > 0.05), and overexpression of AICDA dramatically enhanced the invasiveness of LNCaP cells

(p < 0.001), Scale bar, 50 mm. Two-sided Student’s t test was used for all panels. *p < 0.05, **p < 0.01, ***p < 0.001, n.s, no significance.
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The knowledge-based inclusion criteria were used to further explore the mechanism of CRPC metastasis caused by AID-induced deme-

thylation. A set of factors, including CXCL12, E-cadherin, N-cadherin, vimentin, b-catenin, MMP14, and WLS, were detected in the protein

level under different conditions. In our study, the upregulation of CXCL12 caused by AID-induced demethylation enhanced the expression

of b-catenin, and the upregulation of EMT-related proteins, such asN-cadherin and vimentin, indicated that AIDpromotes the EMTprocess in

CRPC by the demethylation of CXCL12. CK1a is encoded by CSNK1A1, which contains four splicing transcript variants and is distinguished by

the insertion of amino acid segment ‘‘L’’ or ‘‘S.’’43 A previous study showed that CK1a is involved in the phosphorylation of certain proteins to

regulate various biological processes, such as the inhibition of the activation of theWnt/b-catenin pathway. CK1a-produced pS45-b-catenin is

required for GSK3b-induced pS33/S37/T41-b-catenin phosphorylation and plays a crucial in the ubiquitination and degradation of b-cate-

nin.44 Nevertheless, the regulation of CK1a is not fully understood.

Budini et al. reported that the last four serine and threonine residues located in the carboxyl terminal of CK1a undergo autophosphory-

lation and result in the inhibition of catalytic activity.45 Crystal structure analysis showed that b-hairpin loop andCRL4CRBNE3 ubiquitin ligase

participate in the ubiquitination of CK1a and facilitate proteasome-based degradation.46,47Moreover, gliomapathogenesis-related protein 1

and murine double minute X are reported to regulate translocation kinase activity, respectively.48,49 Besides, Dimova et al. revealed that

SDF-1 mediates the downregulation of CK1a in cardiac stem/progenitor cells.50 Unfortunately, how the AID-induced upregulation of

CXCL12 inhibits the expression of CK1a remains unclear and needs further exploration.

In conclusion, AID upregulates CXCL12 by demethylation and, subsequently, reinforces the stability of b-catenin through the CXCL12-

induced inhibition of CK1a and finally enhances EMT inCRPC cells. In addition, theAID-induced upregulation ofMMP14 andWLS contributes

to the degradation of the extracellular matrix and the induction of theWnt/b-catenin pathway to promote themetastasis of PCa, respectively.

Although the mechanism of the AID-induced demethylation and inhibition of CK1a is not entirely clear, the expected results are observed in

our experiment and these results suggest that AID is a potential therapeutic target of PCa.

Limitations of the study

Although our work demonstrated that AID promotes themetastasis of CRPC through demethylation, AID-inducedmethylation heterogeneity

of CXCL12 promoter was not observed directly, and bisulfite sequencing should be performed in the following study. Moreover, the under-

lying mechanism of AID selection of demethylation sites in PCa remains unclear, and multiple sequencing methods should be performed in

the further study.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-AID Cell Signaling Technology Cat# 4959; RRID: AB_10692771

Rabbit polyclonal anti-AID Abcam Cat# ab93596; RRID: AB_10565035)

Mouse monoclonal anti-E-Cadherin Cell Signaling Technology Cat# 14472; RRID: AB_2728770)

Rabbit polyclonal anti-CXCL12 Abcam Cat# ab9797; RRID: AB_296627

Rabbit monoclonal anti-N-Cadherin Cell Signaling Technology Cat# 13116; RRID: AB_2687616

Rabbit monoclonal anti-Vimentin Cell Signaling Technology Cat# 5741; RRID: AB_10695459

Rabbit monoclonal anti-MMP14 Abcam Cat# ab51074; RRID: AB_881234

Chicken polyclonal anti-WLS Abcam Cat# ab72385; RRID: AB_1269023

Rabbit polyclonal anti-WLS Thermo Fisher Scientific Cat# PA5-98483; RRID: AB_2813096

Rabbit monoclonal anti-b-Catenin Cell Signaling Technology Cat# 8480; RRID: AB_11127855

Rabbit polyclonal anti-pS45-b-Catenin Cell Signaling Technology Cat# 9564; RRID: AB_331150

Rabbit monoclonal anti-pS33/

pS37/Thr41-b-Catenin

Cell Signaling Technology Cat# 9561; RRID: AB_331729

Mouse monoclonal anti-b-Actin Abcam Cat# ab8226; RRID: AB_306371

Bacterial and virus strains

E. Coli strain DH5a TIANGEN CB101-02

Biological samples

Human prostate cancer tissue Renmin Hospital of Wuhan University N/A

Human prostatic hyperplasia with

chronic prostatitis tissue

Renmin Hospital of Wuhan University N/A

Human normal prostate tissue Renmin Hospital of Wuhan University N/A

Chemicals, peptides, and recombinant proteins

Pyrvinium Sigma-Aldrich Cat#P0027

DMSO Sigma-Aldrich Cat#D2650

Trichloromethane Sinopharm Chemical Reagent Cat#10006818

Isopropanol Sinopharm Chemical Reagent Cat#80109218

Absolute ethyl alcohol Sinopharm Chemical Reagent Cat#10009218

GeneRuler 1 kb DNA Ladder Thermo Scientific Cat #SM0311

NormalRunTM 250bp-II DNA Ladder GeneRay Cat #DL2502

PrimeSTAR HS DNA polymerase Takara Cat #R010B

Taq Plus DNA polymerase Vazyme Cat #P201-D3

T4 DNA ligase Thermo Scientific Cat #EL0016

Critical commercial assays

PureLink� Genomic DNA Mini Kit Thermo Fisher Scientific Cat#K182002

AceQ Universal SYBR qPCR Master Mix Vazyme biotech Cat#Q511-02

TRIpure Reagent Aidlab Biotechnologies Cat#RN01

Revertaid reverse transcriptase Thermo Fisher Scientific Cat#EP0442

EndoFree midi Plasmid Kit TIANGEN Cat #DP118-2

ClonExpressTM II One Step Cloning Kit Vazyme Cat #C122

Cell Counting Kit-8 MedChemExpress Cat #HY-K0301

(Continued on next page)
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dNTPmix Thermo Fisher Scientific Cat#R0191

RiboLock RNase Thermo Fisher Scientific Cat#EO0384

Deposited data

Raw and analyzed data GEO https://www.ncbi.nlm.nih.gov/geo/

query/acc.cgi?acc=GSE21034

Raw and analyzed data GEO https://www.ncbi.nlm.nih.gov/geo/

query/acc.cgi?acc=GSE46691

Raw and analyzed data TCGA https://hgserver1.amc.nl/cgibin/r2/main.cgi

Raw and analyzed data GEO https://www.ncbi.nlm.nih.gov/geo/

query/acc.cgi?acc=GSE97284

Raw and analyzed data GEO https://www.ncbi.nlm.nih.gov/geo/

query/acc.cgi?acc=GSE70769

Experimental models: Cell lines

Human C4-2 ATCC Cat#CRL-3314

Human C4-2B ATCC Cat#CRL-3315

Human LNCaP Procell Cat#CL-0143

Human 22RV1 Procell Cat#CL-0004

Human DU145 ATCC Cat#HTB-81

Human PC3 Procell Cat#CL-0185

Experimental models: Organisms/strains

BLAB/c Nude mice Charles River Laboratory Cat# 490 (Homozygous)

Oligonucleotides

hActin-F-primer: GTCCACCGCAAATGCTTCTA

CACCGTTC

This paper N/A

hActin-R-primer:TGCTGTCACCTT This paper N/A

hCXCL12-F-primer:GCTACAGATGCCCATGCCGAT This paper N/A

hCXCL12-R-primer:AGCTTCGGGTCAATGCACACT This paper N/A

Target gene fragment acquisition-AICDA-F-primer GAGGATCCCCGGGTACCGGTCG

CCACC ATGGCGGAGCCGAGCGGC

N/A

Target gene fragment acquisition-AICDA-R-primer TCACCATGGTGGCGACCGGGCTG

ACACTCAACTGAGCA

N/A

Target gene identification primer-AICDA-F-primer CCACCCAATGCTAATGAAG N/A

Target gene identification primer-AICDA-R-primer CGTCGCCGTCCAGCTCGACCAG N/A

shRNA-AICDA #1: TGACTTACGAGACGCATTT This paper N/A

shRNA-AICDA #2: TTTCGTACTTTGGGACTTT This paper N/A

shRNA-CXCL12 #1: TGTGCATTGACCCGAAGCTAA This paper N/A

shRNA-CXCL12 #2: GCCAACGTCAAGCATCTCAAA This paper N/A

Recombinant DNA

hU6-MCS-Ubiquitin-EGFP-IRES-puromycin This paper N/A

Ubi-MCS-3FLAG-CBh-gcGFP-IRES-puromycin This paper N/A

Software and algorithms

SPSS Statistics version 19.0 IBM https://www.ibm.com/cn-zh/

products/spss-statistics

Graph-Pad Prism 8 version 9.0.0 software GraphPad https://www.graphpad.com/features

(Continued on next page)
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R software (4.1.2) R https://cran.r-project.org/bin/

windows/base/old/4.1.2/

Image J 1.52v ImageJ https://imagej.net/ij/

Figdraw Home for Researchers https://www.figdraw.com/#/
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Lead contact

Requests for further information should be directed to and will be fulfilled by the lead contact, Haoyong Li (RM002243@whu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� This paper analyzes existing, publicly available data. These accession numbers for the datasets are listed in the key resources table.
� This paper does not report original code.

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon reasonable

request.

EXPERIMENT MODEL AND STUDY PARTICIPANT DETAILS

Cell line and cell culture

Experimental cell lines including LNCaP, PC-3 and22RV1were purchased fromProcell Biotechnology LimitedCorporation (Wuhan, China), and

C4-2, C4-2B and DU145 were purchased from American Type Culture Collection (ATCC, MD, USA) and kept them in our laboratory. LNCaP,

PC3 and 22RV1 cells were maintained in 90% RPMI 1640 Medium supplemented with 10% fetal bovine serum (FBS) and 1% Penicillin-

Streptomycin. C4-2 and C4-2B cells were maintained in DMEM/F12(4:1) Medium and add 10% FBS, 0.100 mg/mL Insulin, 275 ng/mL

Triiodothyronine, 88.6 ng/mL apo-Transferrin, 4.9 ng/mL d–Biotin and 251.8 ng/mL Adenine. DU145 cells were maintained in MEM Medium

with 10% FBS. All cell lines were cultured at 37�C in a humidified incubator with 5%CO2. All themediumwere purchased fromGibco or Thermo

company.

Patient selection and tissue preparation

Fifty-four and Twenty-sevenmen were enrolled who had been diagnosedwith PCa and prostatic hyperplasia with chronic prostatitis between

January 2018 and December 2020 in Renmin Hospital of Wuhan university. All patients were Han Chinese and ranged in age from 46 to 82.

Cancer tissue, prostatic hyperplasia with chronic inflammation and normal prostate specimens were identified by experienced pathologist

and then subjected to immunohistochemical staining, immunofluorescent staining and Western Blot. All samples were from patients who

had undergone diagnostic biopsy after screening for elevated PSA, and none of the patients had received finasteride or other treatments

related to BPH, and all cancer samples are from primary lesion. The human specimen experiments are accordance with The Code of Ethics

of theWorldMedical Association and approvedby the Ethics Committee of RenminHospital ofWuhanUniversity, and the protocol number is

ChiCTR1800019553. Informed consent was obtained for experimentation with human subjects.

Mice

Six-week-oldmale nude athymic BALB/cmice (22-30g) were purchased fromCharles River Laboratory and were housed in Central Laboratory

ofWuhan University People’s Hospital, all experiments were carried out in accordancewith the National Institutes of Health guide for the care

and use of Laboratory animals, as well as approved by the Medical Ethical Committee of the Renmin Hospital of Wuhan University, and the

protocol number is WDRM20200904.

METHOD DETAILS

Transfection

The specific shRNA sequence of AICDA or CXCL12 as follows: shAICDA-1 (50-TGACTTACGAGACGCATTT-30), shAICDA-2: (5’- TTTC

GTACTTTGGGACTTT-3’), shCXCL12-1 (5’-TGTGCATTGACCCGAAGCTAA), shCXCL12-2 (5’-GCCAACGTCAAGCATCTCAAA-30); and the

nonspecific negative control sequence: 5’-TTCTCCGAACGTGTCACGT-3’. Either the specific or the nonspecific sequence contains the

gene green fluorescent protein (GFP) to facilitate the filtration of cells with high inhibition efficiency. Briefly, 1000 of experimental cells

were planted in a well of 96-well plate and culture by 200 ml of complete media for 24 hours, subsequently, Lentiviral particles and polybrene
iScience 26, 108523, December 15, 2023 19
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in certain volumes were added to the cells at a final multiplicity of infection (MOI) of 100. Replaced with fresh media at 12 hours and continue

incubate to72 hours. Western blot assay used to measure inhibition rate. The specific sequence with the best inhibition efficiency was used in

the next experiments.

Western blot assay

Briefly, experimental cell deal with trypsin, PBS, RIPA buffer (Beyotime Biotechnology, Shanghai, China), PMSF (Beyotime Biotechnology),

PhosSTOP (Servicebio Corporation, Wuhan, China) to obtain protein. Subsequently, appropriate amount of protein along with molecular

weight marker (Cat. No. 26617, Page Ruler Prestained Protein Ladder, Thermo) loaded into wells of a 12% sodium dodecyl sulfate–

polyacrylamide gel electrophoresis (SDS-PAGE) gel (Biotechwell, Shanghai, China) to perform electrophoresis. Next, the PVDF (Cat. No.

232100, BD Biosciences, USA) membranes were blocked by 5% non-fat milk at room temperature for an hour and subsequently incubated

with primary antibodies at 4�C overnight. Secondary antibodies were then incubated for one and a half hours at room temperature. Odyssey

infrared imaging system (LI-COR Biosciences, USA) was used to obtain the experiment result.

Immunohistochemistry

Briefly, tissue sections were deparaffinized with xylene and alcohol and then rehydrated by buffer water. Endogenous peroxidase activity was

quenched using peroxidase blocking reagent and retrieval solution was used for retrieving antigen. Primary antibody applied was AID Rabbit

polyclonal antibody (1:100 dilution, Cat# ab93596, Abcam). Staining of tissue was visualized under a microscope.

Immunofluorescence staining

The PCa tissue sections were fixed in 4% paraformaldehyde and washed three times in PBS. After incubating in blocking buffer (5% BSA),

primary antibodies against E-cadherin was added to tissue sections and incubated at 4�C overnight. After rinsing three times with PBS,

the tissue sections were incubated with secondary antibodies for 1 h at room temperature in the dark. After washing three times with PBS,

the nuclei in the tissue sections were stained with antifade mounting medium including DAPI. Images were acquired under a fluorescence

microscope (BX63; Olympus, Tokyo, Japan).

Real-time fluorescent quantitative PCR

Experimental cells were rinsed with phosphate-buffered saline (PBS) twice, then 1 ml TRIzol was added to the lysate cells. The total RNA was

extracted according to the manual and its quantity was measured using a UV spectrophotometer. cDNAwas synthesized under conditions of

42�C for 40 min and 85�C for 5 min, and used as a template for the amplification of the CXCL12 gene with pre-denaturation at 94�C for 2 min,

30 cycles of denaturation at 94�C for 30 sec, annealing at 60�C for 30 sec and extension at 72�C for 30 sec, then final extension at 72�C for

2 min. The sense and antisense primers of CXCL12 was F: GCTACAGATGCCCATGCCGAT, R: AGCTTCGGGTCAATGCACACT. Following

the reaction, the PCR production was identifiedwith electrophoresis in 1.5% sucrose and analyzed with a SensiAnsys gel-imaging system. The

expression ofmRNAwas semi-quantitatively calculated using the optical density ratio of Livin and b-actin. The experiment was repeated three

times.

Transwell

Invasion and migration assay was realized by Transwell plates coated with (or without) Matrigel Matrix at a 1:8 dilution ratio. The cells at a

concentration of 1 3 105 (or 0.5 3 105) cells in 100 ml non-FBS medium were planted in the upper chamber and 600ml medium containing

20% FBS was seeded in the lower chamber. Incubate in cell incubator at 37�C with 5% CO2 for 48 hours, and 4% paraformaldehyde and

0.05% Crystal was used to immobilize and stain the cells. The number of invasion cells was counted under a microscope.

CCK-8 assay

Cell proliferation assay was performed utilising the CCK-8 in accordance with the manufacturer’s instructions (MedChemExpress, Cat #HY-

K0301). Briefly, experimental cells were inoculated in a 96-well plate to investigate the effect of AID on cell proliferation. At time points of 0, 24,

48 and 72 h, 96h, 120h, 144h, and 10 ml of WST reagents were added per well, and the cells were incubated for 60 min. Absorbance was then

measured at 450 nm by using a multilabel counter (Perkin Elmer, Singapore).

Animal experiment

In tumorigenesis assay, cells were treatment with 0.25% trypsin-EDTA solution and rinsed in Hank’s balanced salt solution (HBSS). 53 106 cells

per 100 ml solution was injected subcutaneously intomale nude athymic BALB/cmice (six-week-old) (n = 8). Tumor volume (in mm3) was calcu-

lated by the formula 0.5 3 (long diameter) 3 (short diameter)2. In metastasis assay, cells at a concentration of 2 3 106 cells per 200 ml HBSS

were injected intravenously into the tail vein of nudemice (n = 8). All the mice were sacrificed by CO2 overdose transiently after 14 days. Next,

lung samples were used in IHC and HE staining. Image-Pro Plus 6.0 was used to observed the experiment result. In survival assay, 43 106 cells

per 200 ml HBSSwere injected intravenously into the tail vein of nudemice (n=17). Kaplan-Meier Curvewas established to estimate the survival

among experiment and control group.
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All experiments repeat at least three times. Image J software is used tomeasure the expression of target proteins inWB, IHC or IF assay. Data

were shown as meanG standard deviation. One-way ANOVA or Student’s t test was used in Western Blot, IHC, immunofluorescent staining

and transwell assay, as well as in animal experiment. Log rank was performed on survival analysis. Pearson correlation coefficient was used in

gene correlation analysis. All dates are processed by SPSS 23.0 (IBM, USA) and Statistical significance was defined as *P<0.05, **P<0.01,

***P<0.001.
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