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Abstract
Background  The role of tumor inflammatory microenvironment in the advancement of cancer, particularly prostate 
cancer, is widely acknowledged. ELL-associated factor 2 (EAF2), a tumor suppressor that has been identified in the 
prostate, is often downregulated in prostate cancer. Earlier investigations have shown that mice with EAF2 gene 
knockout exhibited a substantial infiltration of inflammatory cells into the prostatic stroma.

Methods  A cohort comprising 38 patients who had been diagnosed with prostate cancer and subsequently 
undergone radical prostatectomy (RP) was selected. These patients were pathologically graded according to 
the Gleason scoring system and divided into two groups. The purpose of this selection was to investigate the 
potential correlation between EAF2 and CD163 using immunohistochemistry (IHC) staining. Additionally, in vitro 
experimentation was conducted to verify the relationship between EAF2 expression, macrophage migration and 
polarization.

Results  Our study demonstrated that in specimens of human prostate cancer, the expression of EAF2 was notably 
downregulated, and this decrease was inversely associated with the number of CD163-positive macrophages that 
infiltrated the cancerous tissue. Cell co-culture experiments revealed that the chemotactic effect of tumor cells 
towards macrophages was intensified and that macrophages differentiated into tumor-associated macrophages 
(TAMs) when EAF2 was knocked out. Additionally, the application of cytokine protein microarray showed that the 
expression of chemokine macrophage migration inhibitory factor (MIF) increased after EAF2 knockout.
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Introduction
Prostate cancer, the second most frequently diagnosed 
cancer in men, is also one of the top five causes of cancer-
related mortality in men [1]. A significant proportion of 
prostate cancer patients are diagnosed in the advanced 
stages of the disease. For such patients, androgen depri-
vation therapy (ADT) is the standard treatment. How-
ever, despite initial responses to ADT, most patients 
eventually develop castration-resistant prostate cancer 
(CRPC) within 18–24 months, which has a poor progno-
sis [2]. Therefore, there is an urgent need to gain a better 
understanding of the mechanisms underlying cancer ini-
tiation and progression.

It is widely recognized that the tumor microenviron-
ment, which includes a substantial population of mac-
rophages, plays a significant role in cancer progression. 
Increasingly compelling evidence supports the idea that 
macrophages may contribute to cancer initiation and 
malignant progression. Macrophages can be broadly 

classified into classically activated (M1) and alternatively 
activated (M2) macrophages. In solid tumors, tumor-
associated macrophages (TAMs) typically exhibit M2 
phenotypes and display pro-malignancy activity. They 
have been strongly implicated in the progression, che-
moresistance, and even checkpoint inhibitor (CPI) resis-
tance of cancers [3–5]. In prostate cancer, TAMs have 
also been reported to play a pivotal role in cancer pro-
gression and are associated with resistance to ADT [6–9]. 
However, the mechanisms responsible for macrophage 
recruitment in prostate cancer remain elusive.

EAF2, also referred to as ELL-associated factor 2, has 
recently been identified as a tumor suppressor in pros-
tate cancer and is frequently downregulated in this dis-
ease [10–14]. In recent years, several studies have been 
conducted to investigate the mechanisms underlying 
the tumor suppressive function of EAF2. EAF2 has been 
shown to regulate the activity of several signaling path-
ways through binding to different partners, including 

Conclusions  Our findings suggested that EAF2 was involved in the infiltration of CD163-positive macrophages in 
prostate cancer via MIF.
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Smad3, HIF-1α, FOXA1, among others [15–17]. How-
ever, these studies have primarily focused on the direct 
role of EAF2 in cancer cells, and little is known about its 
effect on the tumor microenvironment. Moreover, a pre-
vious study has demonstrated intriguing findings that 
EAF2 knockout mice exhibited increased lymphatic dila-
tion and chronic inflammation, including macrophage 
infiltration, as compared to wild-type controls [18]. These 
results suggested the possibility that EAF2 might play a 
role in mediating the recruitment of macrophages in 
prostate cancer, and further investigations are warranted 
to elucidate this potential mechanism.

This study aimed to examine the expression of EAF2 
in prostate cancer and its relationship with the recruit-
ment and polarization of TAMs. Our results indicated 
that the downregulation of EAF2 in prostate cancer may 
increase the accumulation of macrophages by promoting 
the production of migration inhibitory factor (MIF). Our 
findings suggest a previously unknown role for EAF2 as a 
tumor suppressor in prostate cancer.

Materials and Methods
Tissue Samples
We recruited 38 patients (with an age range of 45–81 
years and a mean age of 69 years) who had recently been 
diagnosed with prostate cancer and underwent radical 
prostatectomy (RP) at Shanghai General Hospital. All 
patients were graded pathologically based on the Gleason 
scoring system and were subsequently divided into two 
groups: 21 patients with a Gleason score of ≤ 7 and 17 
patients with a Gleason score of > 7. None of the patients 
had received any preoperative treatment for prostate 
cancer. Written informed consent was obtained from all 
patients, and the experimental protocol was approved by 
the Shanghai General Hospital of Shanghai Jiaotong Uni-
versity Medical School.

Immunohistochemical Staining
Prostate cancer sections were deparaffinized, treated with 
heat-induced epitope retrieval (HIER) and incubated 
with primary antibodies against EAF2(1:200;Proteintech, 
CN), CD4 (original solution, Spincle, CN), CD8 (original 
solution, Gene Tech, CN), CD68 (original solution, Gene 
Tech, CN), CD20 (original solution, Gene Tech, CN), and 
CD163 (1:100; Dako, DK) for 1  h at room temperature. 
Then secondary antibody (GTvision, CN) was applied 
for 30 min at room temperature. The staining was devel-
oped using Diaminobenzidine and tissues were counter-
stained using hematoxylin then. The staining of samples 
was evaluated by two pathologists independently. The 
staining of EAF2 was divided into low expression group 
(EAF2-low) and high expression group (EAF2-high) 
according to the staining intensity compared with nor-
mal adjacent prostate. The staining intensity of the low 

expression group was weak and lower than that of nor-
mal adjacent prostate, and the high expression group was 
the same as or close to that of normal tissue. Count the 
number of CD163 positive staining cells in 5 individual 
cells using a blind method, and then calculate the average 
value.

Cell Culture
LNCaP prostate cancer cells and human THP-1 cells 
were obtained from the Cell Bank of Type Culture Collec-
tion of the Chinese Academy of Sciences (Shanghai, CN) 
and maintained in RPMI 1640 medium supplemented 
with 10% FBS and 5% antibiotics. For stable EAF2 knock-
down, LNCaP cells were incubated with LV-EAF2-RNAi 
or negative control (Genechem, CN) for 12  h and then 
treated with Puromycin(5ug/ml)for one week. For the 
conditioned media, the indicated cells were incubated 
with non-serum media for 48  h, and the culture media 
were collected and centrifuged for further experiments. 
For THP-1 cells differentiation, THP-1 cells were treated 
with phorbol myristate acetate (PMA, Sigma, USA) for 
30  h to achieve macrophage differentiation(M0). Then 
M0 macrophages were cultured in the conditioned 
medium of LNCaP cells with or without EAF2 knock-
down in petri dishes for 3 days to determine the effect of 
prostate cancer cells on the differentiation of M0 mac-
rophages. Add 20ng/mL IL-4 (MCE, CN) and 20ng/mL 
IL-13 (MCE, CN) to M0 macrophages induced by THP-1 
to induce their differentiation into M2 phenotype.

Western Blot
Cells were lysed using RIPA buffer (NCM, China) with 
1% protease inhibitor cocktail (Roche, IN). The concen-
tration of protein was determined using the Pierce BCA 
Protein Assay (Thermo Scientific, USA). Total protein 
(20 µg) was boiled and separated on 10% SDS-PAGE gels 
and then transferred onto PVDF membranes (Millipore, 
USA). The membranes were blocked with skim milk and 
incubated with primary antibodies against EAF2 (1:1000, 
Proteintech, CN), MIF (1:1000, Proteintech, CN) at 4 °C 
overnight and then followed by secondary antibodies for 
two hours at room temperature. Protein bands were visu-
alized using ECL (NCM, China) and exposed by the ECL 
Detection System (Thermo Scientific, USA).

Preparation of RNA and Quantitative Real-time PCR
Total RNA was extracted from cells using TRIzol reagent 
(Invitrogen, USA) and the RNA reverse transcription 
was proceeded using a first-strand cDNA synthesis kit 
(Promega, USA). Real-time PCR was carried out using 
SYBR green mix (Thermo Scientific Waltham, USA). The 
sequences of primers used were presented below.

EAF2 forward: 5’-​T​T​T​G​A​A​G​T​C​A​T​A​G​C​G​C​A​C​A​G​
T-3’; EAF2 reverse: 5’-​A​A​T​A​G​C​G​C​A​G​C​G​G​G​A​T​T​C​T​



Page 4 of 13Cao et al. Biological Procedures Online           (2024) 26:21 

C-3’; GAPDH forward: 5’-​C​G​A​C​C​A​C​T​T​T​G​T​C​A​A​G​C​T​
C​A-3’, GAPDH reverse: 5’-​A​G​G​G​G​A​G​A​T​T​C​A​G​T​G​T​G​
G​T​G-3’; MIF forward: 5’-​A​T​C​G​T​A​A​A​C​A​C​C​A​A​C​G​T​G​
C​C − 3’, MIF reverse: 5’-​T​T​G​C​T​G​T​A​G​G​A​G​C​G​G​T​T​C​T​
G-3’; TNF-α forward: 5’-​C​C​T​C​T​C​T​C​T​A​A​T​C​A​G​C​C​C​T​
C​T​G-3’, TNF-α reverse: 5’-​G​A​G​G​A​C​C​T​G​G​G​A​G​T​A​G​A​T​
G​A​G-3’; IL-6 forward: 5’-​A​C​T​C​A​C​C​T​C​T​T​C​A​G​A​A​C​G​A​
A​T​T​G-3’, IL-6- reverse: 5’-​C​C​A​T​C​T​T​T​G​G​A​A​G​G​T​T​C​A​
G​G​T​T​G-3’; CD68 forward: 5’-​G​G​A​A​A​T​G​C​C​A​C​G​G​T​T​
C​A​T​C​C​A-3’, CD68 reverse: 5’-​T​G​G​G​G​T​T​C​A​G​T​A​C​A​G​
A​G​A​T​G​C-3’; CD 206 forward: 5’-​T​C​C​G​G​G​T​G​C​T​G​T​T​
C​T​C​C​T​A-3’, CD206 reverse: 5’-​C​C​A​G​T​C​T​G​T​T​T​T​T​G​A​
T​G​G​C​A​C​T-3’; CD163 forward: 5’-​T​T​T​G​T​C​A​A​C​T​T​G​A​
G​T​C​C​C​T​T​C​A​C-3’, CD163 reverse: 5’-​T​C​C​C​G​C​T​A​C​A​C​
T​T​G​T​T​T​T​C​A​C-3’; TGF-β forward: 5’-​G​G​C​C​A​G​A​T​C​C​
T​G​T​C​C​A​A​G​C-3’, TGF-βreverse: 5’-​G​T​G​G​G​T​T​T​C​C​A​C​
C​A​T​T​A​G​C​A​C-3’.

Cytokine Array and ELISA
Cytokines in the supernatant were measured using 
Human Cytokine Array Kit (R&D Systems, USA) accord-
ing to the manufacturer’s instructions. Membranes were 
then scanned by a densitometer (Bio-Rad Laborato-
ries, USA). Selected cytokines were further validated by 
ELISA using Quantikine ELISA Kit (R&D Systems, USA). 
The intensity was measured at 450  nm in a microplate 
reader (Thermo, USA).

Migration Assays
Migration assays were performed in transwell inserts (8 
µM, Corning, USA) placed in a 24-well plate. To test the 
chemotactic activity of tumor cells on M2 macrophages, 
M2 macrophages were seeded onto the top chamber and 
tumor-conditioned media with or without EAF2 knock-
down were added into the bottom chamber. Migrated 
macrophages at the end of 24 h incubation were photo-
graphed and counted.

Data Collection and Bioinformatic Analyses
The mRNA expression profiles and clinical data from 
prostate cancer patients from The Cancer Genome 
Atlas (TCGA) (https://portal.gdc.cancer.gov) database 
is collected. Transcripts per million reads (TPM) are 
used to standardise the HTSeq-FPKM Level 3 data. The 
survminer (version 0.4.9) and survival (version 3.2–10) R 
toolkit are used for plotting of survival curves. The GSVA 
(version 1.34.0) R toolkit is used for calculate the corre-
lation between EAF2 expression and immune cells. The 
clusterProfiler (version 4.4.4) and GOplot (version 1.0.2) 
are used for the correlation calculation of gene enrich-
ment analysis. We used the deseq2 package (version 
1.36.0) in R language to test the difference between the 
two count matrices of the high expression group and the 
low expression group of EAF2, and screened out all the 

positive and negative genes. Then, based on the Spear-
man correlation coefficient and according to the follow-
ing criteria: p < 0.05| Log2 ‑ FC |>1, and the differentially 
expressed genes were further analyzed. We used the org.
hs.eg.db package to convert the ID of the input molecular 
list, and used the clusterprofiler (version 4.4.4) package 
to perform Kyoto Encyclopedia of genes and genes Gene 
Ontology (KEGG) and Gene Ontology (go) enrichment 
analysis, and calculated the zscore value corresponding 
to each enrichment entry through the goplot package 
(version 1.0.2). We also calculated the Pearson correla-
tion between EAF2 and the marker genes of five immune 
pathways. All figures are drawn using the ggplot2 (ver-
sion 3.3.6) package.

Statistical Analysis
Data are presented as mean ± SEM. Differences between 
groups were analyzed with Student’s t-test or Chi-square 
test according to different sample types. Calculate the 
required sample size using the R package pwr (version 
1.3-0). Statistical analyses were performed using SPSS 
27.0 and Graphpad Prism 9.4. Differences were consid-
ered statistically significant when probability values<0.05 
.

Results
Decreased Expression of EAF2 is Associated with 
Progression of Prostate Cancer
To evaluate the expression of EAF2 in prostate cancer, 
we performed immunohistochemical staining against 
EAF2 on tissue samples from 38 prostate cancer patients 
(patient information is shown in Table 1). Based on the 
staining intensity of EAF2, we categorized the cases 
into two groups: EAF2 low expression (10 cases) and 
high expression groups (28 cases). According to the cal-
culation of PWR package, each group needs at least 6 
samples, so the sample size is sufficient. The low expres-
sion group of EAF2 was dominated by cases with a high 
Gleason score, whereas the high expression group had 
a higher proportion of cases with a low Gleason score 
(Gleason Score  >7,  8/10 versus 9/28) (Fig.  1A, B). To 
corroborate our findings, we examined the TCGA data-
base and found that tumor tissues exhibited lower EAF2 
expression than normal tissues (Fig. 1C). Consistent with 
our results, EAF2 gene expression was reduced in the 
high Gleason score group compared to the low Glea-
son score group (Fig.  1D), and EAF2 expression was 
negatively correlated with Progress Free Interval (PFI) 
(Fig.  1E). These results suggest that downregulation of 
EAF2 expression, as a tumor suppressor, is associated 
with a higher tumor grade and poorer prognosis in pros-
tate cancer. Notably, we observed that EAF2 was not 
downregulated in all tumor tissues (Fig. S1), indicating 
the possibility of organ-specific function of EAF2.

https://portal.gdc.cancer.gov
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Decreased Expression of EAF2 Increases Number of Tumor-
associated Macrophages in Prostate Cancer Specimens
To investigate the potential correlation between EAF2 
expression and macrophage recruitment in prostate can-
cer patients, we conducted immunohistochemistry (IHC) 
staining against CD163. As demonstrated by an increase 
in the number of CD163 positive cells, there were more 
macrophages in cancerous tissues than in normal adja-
cent prostate tissues (Fig. 2A, B). Comparing the number 
of macrophages infiltrating cancer tissues with different 
levels of EAF2 expression, we found a significant increase 

in macrophages when EAF2 expression was low. This 
negative correlation between EAF2 expression and 
macrophage infiltration in prostate cancer tissues was 
observed (Fig.  2A, C). Since the low expression group 
of EAF2 had a higher proportion of high GS, and GS 
may also play a role in macrophage infiltration, we com-
pared only cases with high GS in both groups and found 
a greater number of TAM infiltrations in the low EAF2 
expression group than in the high EAF2 expression group 
(Fig.  2D). Furthermore, we analyzed the correlation 
between EAF2 expression and immune cell infiltration 

Table 1  Patient data
Patient ID Age EAF2 

Expression 
Group

PSA ISUP 
Score

TNM Stage Positive 
margin

Extra-
prostatic 
extension

Seminal 
vesicle 
invasion

Lymph Node 
Metastasis

Dis-
tant 
metas-
tasis

1 74 Low 20.76 2 T2N1M0 Yes No No Yes No
2 75 Low 11.02 5 T3N0M0 Yes Yes Yes No No
3 66 Low 13.05 4 T2N0M0 No No No No No
4 78 Low 6.46 1 T2N0M0 No No No No No
5 75 Low 31.88 5 T2N0M0 No No No No No
6 77 Low 22.82 4 T3N0M0 No Yes Yes No No
7 63 Low 35.1 5 T3N1M0 Yes Yes No Yes No
8 66 Low 62.33 5 T2N1M1 Yes No No Yes Yes
9 78 Low 31.06 5 T3N0M0 Yes Yes No No No
10 75 Low 8.22 5 T3N0M0 No Yes No No No
11 69 High 14.32 5 T2N0M0 No No No No No
12 68 High 19.24 4 T3N0M0 No Yes No No No
13 70 High 8.54 2 T2N0M0 No No No No No
14 63 High 17.24 4 T2N0M0 No No No No No
15 74 High 8.77 3 T2N0M0 Yes No No No No
16 58 High 28.19 4 T2N0M0 No No No No No
17 68 High 6.9 2 T3N0M0 No Yes Yes No No
18 71 High 14.78 1 T2N0M0 Yes No No No No
19 61 High 7.92 2 T2N0M0 No No No No No
20 72 High 7.09 1 T2N0M0 No No No No No
21 45 High 8.7 2 T3N0M0 No Yes No No No
22 58 High 8.29 2 T3N0M0 Yes No No No No
23 63 High 29.46 2 T3N0M0 No No No No No
24 62 High 5.15 2 T3N0M0 Yes No No No No
25 77 High 37.89 1 T3N0M0 No No No No No
26 67 High 5.68 2 T3N0M0 Yes Yes Yes No No
27 66 High 13.43 4 T2N0M0 Yes No No No No
28 72 High 8.77 1 T2N0M0 No No No No No
29 80 High 8.57 1 T2N0M0 No No No No No
30 65 High 7.09 5 T2N0M0 Yes No No No No
31 74 High 11.93 3 T3N0M0 Yes Yes Yes No No
32 71 High 13.32 3 T2N0M0 Yes No No No No
33 62 High 6.71 3 T3N0M0 Yes Yes Yes No No
34 65 High 7.82 5 T3N0M0 Yes Yes No No No
35 72 High 5.25 3 T2N0M0 Yes No No No No
36 81 High 8.08 5 T3N0M0 Yes Yes No No No
37 75 High 6.27 3 T2N0M0 Yes No No No No
38 70 High 14.84 4 T2N0M0 No No No No No
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in the TCGA database and found a negative correlation 
between EAF2 and macrophage infiltration, although it 
did not reach statistical significance (Fig. S2A).

We found this trend in prostate cancer tissues by 
immunohistochemical staining (Fig. S2B). Additionally, 
EAF2 was negatively correlated with the expression of 
CD68 and CD163 (Fig. S3A). We also observed that high 
expression of CD163 was associated with a worse prog-
nosis for patients (Fig. S3B). These results suggested that 
EAF2 expression might have a role in macrophage infil-
tration in prostate cancer.

Knockdown of EAF2 Promotes M2 Macrophage Migration 
and Facilitates its Activation
To investigate the impact of EAF2 on macrophage 
recruitment, lentiviral constructs containing shRNAs tar-
geting EAF2 were designed and transfected into LNCaP 
cells to stably knockdown EAF2 expression (Fig.  3A). 
We assessed whether the loss of EAF2 expression affects 
macrophage migration and polarization using these cells. 
Macrophage migration assays were performed using M2 
macrophages with or without EAF2 knockdown LNCaP 
cell conditional media. Co-culture with EAF2 knockdown 

LNCaP cell conditional media resulted in a higher num-
ber of migrated M2 macrophages cells compared to co-
culture with non-knockdown LNCaP cell conditional 
media (Fig. 3B). TAMs are typically skewed towards M2 
polarization, and expression of M1 markers such as IL-6, 
TNF-α, and CD68, as well as M2 markers such as CD163, 
CD206, and TGF-β, are often used to identify TAM sub-
types [19, 20]. To investigate whether the expression of 
EAF2 in LNCAP cells affects M0 macrophages to differ-
entiate into M2 macrophages, a co-culture experiment 
was conducted, and qRT-PCR was performed to exam-
ine the expression of M1 and M2 macrophage markers. 
The results showed a significant increase in the mRNA 
expression of M2 macrophage markers after 72 h of co-
culture with LNCAP cells in which EAF2 was silenced, 
compared to LNCaP CON shRNA (Fig.  3C). However, 
expression of M1 macrophage markers, including IL-6, 
TNF-α, and CD68, failed to increase after similar treat-
ment, and CD68 expression was significantly suppressed 
(Fig.  3D). These findings suggest that EAF2 not only 
restrains the recruitment of macrophages but also sup-
presses their differentiation to the M2 phenotype.

Fig. 1  The expression of EAF2 in prostate cancer tissue. (A) Representative pictures of IHC staining of EAF2 in prostate cancers tissues and adjacent nor-
mal tissues with different expression of EAF2. (B) The proportion of cases with high GS and low GS in different EAF2 expression groups. (C) TCGA database 
analysis of expression levels of EAF2 in prostate cancers tissues compared with normal adjacent tissues. (D) TCGA database analysis of expression levels of 
EAF2 in prostate cancers tissues with different Gleason scores. (E) The PFI survival curves of patients in different EAF2 expression groups. EAF2 expression 
was negatively correlated with PFI. (** p ≤ 0.01; *** p ≤ 0.001)
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Fig. 2  The expression of EAF2 in prostate cancer tissue. (A) Representative pictures of IHC staining of tumor associated macrophages using CD163 
antibody in normal adjacent prostate and prostate cancers tissues. (B) Quantification and Statistical analysis of CD163 positive cells in normal adjacent 
prostate and cancer tissues. (C) Quantification and Statistical analysis of CD163 positive cells in EAF2-low and EAF2-high cancer tissues. (D) Quantification 
and Statistical analysis of CD163 positive cells in EAF2-low and EAF2-high cancer tissues with high GS. (*** p ≤ 0.001; **** p ≤ 0.0001)
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Knockdown of EAF2 Promotes the Secretion of MIF in 
LNCaP Cells
In order to identify the potential inflammatory factors 
that may be involved in mediating the effect of EAF2 on 
M2 macrophages migration, we employed the Proteome 
Profiler Human Cytokine Array Panel A Kit to analyze 
the cytokine profiles in the supernatant from LNCaP cells 
with or without EAF2 knockdown. Our results showed 
that compared to the supernatant from LNCaP cells 
without EAF2 knockdown, the levels of cytokines MIF 
and CXCL12 were significantly higher in the supernatant 

secreted by LNCaP cells with EAF2 knockdown (Fig. 4A, 
B). Although CXCL12 was also found to be upregu-
lated, the most pronounced change was observed for 
MIF, which is widely accepted to promote the chemo-
taxis of macrophages. Therefore, we focused our further 
investigation on MIF and validated its expression using 
ELISA assays (Fig.  4C). As anticipated, the secretion of 
MIF was observed to be upregulated in the cell culture 
supernatant with EAF2 knockdown. This finding was 
further confirmed by conducting qRT-PCR and Western 
blot analyses (Fig. 4D and E). To explore the association 

Fig. 3  Down-regulation of EAF2 increased the migration of M2 macrophage and facilitated polarization of macrophages towards M2. (A) ShRNAs against 
EAF2 were stably transfected into LNCaP cells and the expression of EAF2 was detected using western blot and qPCR. (B) M2 macrophage cells were 
seeded onto the top chamber and conditioned media from LNCaP cells with or without EAF2 knockdown were added into the bottom chamber. After 
24 h, M2 macrophage cells migrated into the bottom chamber were counted. C-D. M0 macrophages were co-cultured with LNCAP cells with or without 
EAF2 knocked down for 3 days, and the expression of M1 and M2 macrophage markers was examined by qRT-PCR. (** p ≤ 0.01)
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between EAF2 and MIF, we conducted Gene Set Enrich-
ment Analysis (GSEA) using TCGA database. We first 
identified differentially expressed genes in prostate can-
cer patients with different EAF2 expression groups (Fig. 
S3C). Our results showed that the MIF-related metabolic 
pathways, including Tyrosine metabolic pathway and 
Phenylalanine metabolic pathway, were negatively cor-
related with EAF2 expression (Fig.  4F). We found that 
EAF2 was mainly positively correlated with immune acti-
vation related pathways (Fig. S3D). Based on this, we fur-
ther analyzed the expression relationship between EAF2 
and a variety of immune regulatory genes in prostate 
cancer, and drew the enrichment map of up-regulated 
gene set in prostate cancer (Fig. S3, S4). Additionally, 
we observed a direct negative correlation between the 
expression of EAF2 and MIF (Fig.  4G). These results 
suggest that downregulation of EAF2 can enhance the 
expression of MIF in LNCaP cells.

Knockdown of EAF2 Promote the Migration of M2 
Macrophages via MIF
To investigate whether MIF is the critical factor involved 
in the recruitment function of EAF2 on M2 macro-
phages migration, siRNA targeting MIF was transfected 
into LNCAP EAF2 shRNA cells to knock down MIF 

expression. The effectiveness of knockdown was vali-
dated using qRT-PCR and western blot (Fig. 5A, B). Next, 
conditioned media were collected and co-cultured with 
M2 macrophage in migration assays to assess whether 
decreased EAF2 expression-induced increased migration 
of M2 macrophages could be blocked by knocking down 
MIF expression. The results showed that decreased MIF 
expression significantly reduced the migration of M2 
macrophages, indicating that MIF is the critical cytokine 
through which LNCAP EAF2 shRNA cells inhibit the 
migration of M2 macrophages (Fig. 5C).

Discussion
EAF2 has been widely studied as a tumor suppressor, with 
researchers striving to unravel the mechanisms under-
lying its tumor-inhibiting properties. However, there is 
limited literature on its potential association with the 
tumor microenvironment (TME), which accumulating 
evidence suggests plays a critical role in tumor behavior 
[21]. Our study is the first, to the best of our knowledge, 
to reveal that EAF2 can engage with the TME to facilitate 
the progression of prostate cancer. We used GSEA data-
base to map EAF2 and immune related genes. This laid a 
foundation for further exploring the relationship between 
EAF2 and tumor immune microenvironment.

Fig. 4  Knockdown of EAF2 in LNCaP cells increases the expression levels of MIF. (A) Conditioned media from LNCaP cells with or without EAF2 knock-
down were analysed using Proteome Profiler Human Cytokine Array Panel A Kit. (B) Intensities of the blots were determined as pixel densities using 
Image J. (C) Conditioned media from LNCaP cells with or without EAF2 knockdown were examined for the concentrations of MIF by quantitative ELISA 
D-E. Protein and mRNA Expression levels of MIF in LNCaP cells with or without EAF2 knockdown were examined using qPCR and western blot. F. Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway analysis results around EAF2.
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The tumor microenvironment consists of a heteroge-
neous group of cells, including immune cells, fibroblasts, 
pericytes, and endothelial cells [18]. TAMs are a criti-
cal component of the tumor microenvironment. In this 
study, we performed immunohistochemical staining on 
prostate cancer specimens using antibodies against EAF2 
and CD163, a marker of M2 macrophages. Our find-
ings demonstrate a significant correlation between EAF2 
expression and the number of TAMs infiltrating tumor 
tissues.

Monocytes that are recruited from the peripheral 
blood serve as the primary source of TAMs. The recruit-
ment of monocytes from the peripheral blood to the 
tumor microenvironment is the initial and critical step. 
After recruitment to tumors, monocytes differentiate 
into TAMs that can promote tumor progression and 

metastasis [19, 20]. We employed a co-culture system 
to investigate whether EAF2 could modulate the migra-
tion and differentiation of macrophages. As expected, 
knockdown of EAF2 led to increased migration of M2 
macrophages. These results, combined with the immuno-
histochemical staining findings, suggest that EAF2 may 
play a role in monocyte attraction into the tumor micro-
environment. This may also explain the findings from a 
previous study in mice [18].

Chemokines play a significant role in the progression 
of tumors by serving as a chemoattractant to induce 
immune cell infiltration to the TME, thus acting as a 
bridge between tumor cells and their microenvironment 
[19, 20]. Tumor cells are known to secrete diverse che-
mokines to facilitate the recruitment of inflammatory 
cells to infiltrate the tumor stroma [21, 22]. In our study, 

Fig. 5  Knockdown of EAF2 in LNCaP cells promote the migration of M2 macrophage cells via MIF. (A-B) After EAF2 stably knocked down, LNCaP cells 
were transfected with siRNA targeting MIF, and protein and mRNA were extracted and subjected to qPCR and western blot to determine the expres-
sion levels MIF. (C) M2 macrophage cells were seeded onto the top chamber and co-cultured with conditioned media from LNCAP EAF2 shRNA cells 
transfected with siRNA targeted against MIF. After 24 h, M2 macrophage cells migrated into the bottom chamber were photographed and counted. (**** 
p ≤ 0.0001)
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we employed the Proteome Profiler Human Cytokine 
Array to identify the possible chemokines that mediate 
the recruitment of macrophages by EAF2. Our findings 
indicated that MIF was one of the chemokines associated 
with EAF2 in the recruitment of macrophages.

MIF is a crucial cytokine involved in the pathogenesis 
of cancer and inflammatory diseases. Its role in promot-
ing tumor progression and metastasis has been exten-
sively studied, and its overexpression is often observed 
in various types of cancer [23–27]. MIF has also been 
shown to exhibit chemokine-like properties by modu-
lating the recruitment of inflammatory cells through its 
receptor-mediated signaling pathways [28–32]. Notably, 
MIF has been reported to upregulate the expression and 
release of monocyte chemoattractant protein 1 (MCP1) 
via its interaction with CD74, which is believed to be a 
critical factor in the recruitment of monocytes and mac-
rophages [33]. TAMs are recognized as essential com-
ponents of prostate cancer progression [6, 7]. Therefore, 
it is hypothesized that EAF2 may not only have a direct 
effect on tumor cells but also an indirect effect through 
the recruitment of macrophages mediated by MIF, pro-
moting prostate cancer progression. To examine the role 
of MIF in the recruitment of monocytes by EAF2, a co-
culture system was used. Consistent with the hypothesis, 
knockdown of EAF2 in LNCaP cells increased M2 mac-
rophages migration by upregulating MIF expression.

Several studies have investigated the regulation of MIF 
gene transcription and identified putative transcription 
factor binding sites in the MIF promoter. HIF1α has been 
reported to be a potent and rapid inducer of MIF expres-
sion. In contrast, EAF2 has been shown to suppress 
HIF1α transcriptional activity by disrupting its interac-
tion with the coactivator CBP/p300 [15, 34]. This raises 
the possibility that EAF2 may regulate MIF expression 
through its interaction with HIF1α. However, further 
experiments are required to confirm this hypothesis.

In summary, our investigation offers novel insights into 
EAF2 as a potential tumor suppressor in prostate cancer. 
Our findings suggest that EAF2 may facilitate the accu-
mulation of macrophages within prostate cancer tissue 
through MIF-mediated mechanisms. Furthermore, our 
results suggest a possible involvement of EAF2 in the dif-
ferentiation of macrophages towards the M2 phenotype. 
Nonetheless, it is important to acknowledge that our 
research is still in its early stages, and further compre-
hensive studies are required to elucidate the underlying 
mechanisms and functional significance of these findings.
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