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Macrophages	are	critical	players	in	both	innate	and	adaptive	immunity.	While	the	exogenous	signaling	events	
leading	to	the	terminal	differentiation	of	macrophages	from	monocytes	have	been	studied	extensively,	the	
underlying	intracellular	transcriptional	mechanisms	remain	poorly	understood.	Here	we	report	that	the	
homeobox	transcription	factor	VentX	plays	a	pivotal	role	in	human	macrophage	terminal	differentiation	and	
proinflammatory	function.	Our	study	showed	that	VentX	expression	was	upregulated	upon	human	primary	
monocyte-to-macrophage	differentiation	induced	by	cytokines	such	as	M-CSF,	GM-CSF,	and	IL-3.	Moreover,	
ablation	of	VentX	expression	in	primary	monocytes	profoundly	impaired	their	differentiation	to	macro-
phages,	and	ectopic	expression	of	VentX	in	a	myeloid	progenitor	cell	line	triggered	its	differentiation	with	
prominent	macrophage	features.	Further	analysis	revealed	that	VentX	was	pivotal	for	the	proinflammatory	
response	of	terminally	differentiated	macrophages.	Mechanistically,	VentX	was	found	to	control	expression	
of	proteins	key	to	macrophage	differentiation	and	activation,	including	M-CSF	receptor.	Importantly,	pre-
liminary	analysis	of	gene	expression	in	leukocytes	from	patients	with	autoimmune	diseases	revealed	a	strong	
correlation	between	levels	of	VentX	and	those	of	proinflammatory	cytokines.	Our	results	provide	mechanistic	
insight	into	the	crucial	roles	of	VentX	in	macrophage	differentiation	and	proinflammatory	activation	and	sug-
gest	that	dysregulation	of	VentX	may	play	a	role	in	the	pathogenesis	of	autoimmune	diseases.

Introduction
Macrophages play critical roles in both innate and adaptive immunity 
in virtually all tissues (1–3). Tissue macrophages are derived from cir-
culating monocytes in response to microenvironmental factors such 
as M-CSF, GM-CSF, and IL-3 during extravascularization (1, 4). The 
process of monocyte-to-macrophage terminal differentiation remains 
a subject of extensive investigation in the contexts of immune defense 
against pathogen invasion, pathogenesis of autoimmune and inflam-
matory diseases, and carcinogenesis of hematopoietic and other 
malignancies (1, 4, 5). Upon differentiation, macrophages can be fur-
ther activated by extracellular signals and display diverse functional 
patterns depending upon the cytokines and microbial products pres-
ent in the microenvironment. Macrophage activation has been classi-
fied into a classical pathway and an alternative pathway. In response 
to Th1 cytokines, such as IFN-γ and LPS, macrophages display a clas-
sical activation phenotype and produce mainly proinflammatory 
cytokines. The Jak/Stat and activator protein 1 (AP-1)/NF-κB signal-
ing pathways have been shown to play critical roles in classical activa-
tion of macrophages. Alternatively, macrophages can be activated by 
Th2 cytokines, such as IL-4 and IL-13, and exhibit distinct functions 
with antiinflammatory and tissue repair properties (2, 3, 6, 7).

The common myeloid progenitor cells are the bone marrow pre-
cursors of monocytes and macrophages. It is generally accepted that 
monocyte and macrophage development occurs by changes of tran-
scriptional programs in a stepwise manner (8–11). Genetic studies 
with knockout mice have revealed the important roles of transcrip-
tion factors such as PU.1 and CCAAT enhancer-binding protein α 
(C/EBPα) in monocyte/macrophage lineage commitment (1, 5, 8, 

12–14). Recently, global transcriptome analysis revealed profound 
changes in gene expression during monocyte-to-macrophage ter-
minal differentiation (15, 16). Previous studies on human mono-
cyte-to-macrophage differentiation have mainly relied on myeloid 
progenitor cell lines such as U937 and THP-1 (17–19). The key tran-
scriptional mechanism controlling primary human monocyte-to-
macrophage differentiation remains poorly defined.

Developmental modeling is informative in defining genes and 
pathways involved in host defense and immune regulation. Using 
methods of reverse genetics, we recently demonstrated that VentX, 
a human homolog of the Xenopus homeobox transcriptional factor 
Xom, is a LEF/TCF-associated Wnt repressor and a putative tumor 
suppressor (20, 21). We have also shown that VentX transactivates 
p53/p21 and p16ink4a/Rb pathways to regulate senescence in tumor 
cells (22). VentX is predominantly expressed in hematopoietic cells 
and highly conserved in primates. However, we and others failed 
to identify the murine homolog of VentX in the current mouse 
genome database (20, 23, 24).

In this study, we report that VentX plays an essential role in 
human primary monocyte-to-macrophage terminal differentia-
tion and is required for optimal proinflammatory response dur-
ing classical macrophage activation. Clinical data show that the 
expression level of VentX correlates positively with the expression 
levels of several proinflammatory cytokines, suggesting a potential 
role for VentX in the pathogenesis of inflammatory diseases.

Results
VentX expression is upregulated during monocyte-to-macrophage  
differentiation. Tissue expression profiling showed that VentX  is 
expressed in monocytes (20). To explore the potential role of VentX 
in monocyte-to-macrophage differentiation, we examined VentX  
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expression in peripheral blood monocytes from 6 healthy donors 
by RT-PCR. We found that VentX expression was relatively constant 
among different  individuals  (Figure 1A).  In comparison, VentX 
expression was upregulated during monocyte-to-macrophage dif-
ferentiation induced by cytokines such as M-CSF, GM-CSF, and IL-3 
(Figure 1B, upper panel). Using promoter luciferase assay, we found 
that VENTX promoter can be activated by the indicated cytokines (Fig-
ure 1C), suggesting that VentX expression was transcriptionally regu-
lated by the differentiation signals. The regulated expression of VentX 
was further demonstrated by Western blot analysis, using VentX-spe-
cific antibody (Figure 1B, lower panel). The significant upregulation 
of VentX expression was largely dependent on the addition of the 
cytokines. Nevertheless, a slight but discernible upregulation of VentX 
expression was also observed in the absence of inducing factors (Fig-
ure 1B, lanes 1 and 2), which may reflect adhesion-induced spontane-
ous differentiation of monocytes. To quantitatively measure VentX 
expression during in vitro monocyte-to-macrophage differentiation, 
we performed a time course experiment with real-time PCR analysis. 
As shown in Figure 1D, VENTX expression was rapidly induced dur-
ing the first 4 days of cytokine treatment and remained at a high level 
throughout the 7 days of in vitro culture.

VentX is required for human primary monocyte-to-macrophage differ-
entiation. The increased expression of VentX during monocyte-to-
macrophage differentiation suggests a potential role for VentX 
during  the process. To address  this hypothesis, we employed 
siRNA technology to knock down VENTX expression in primary 
monocytes. The efficacy of siVentX was determined by quantitative 
PCR and Western blot analysis (Figure 2A). In vitro differentiation 
of peripheral blood monocytes to macrophages by M-CSF stimu-
lation is accompanied by elongated or fibroblast-like morphology 
and the expression of cell surface CD71 antigen, a macrophagic 
differentiation marker (25–31). As shown in Figure 2B, knockdown 
of VENTX expression in monocytes abrogated the morphogenesis 
of the fibroblast-like shape (Figure 2B) and substantially dimin-
ished expression of the cell surface CD71 marker triggered by  
M-CSF treatment (Figure 2, C and D). Other macrophage pheno-
typic markers such as FcγRI CD64, costimulatory molecules CD40 
and CD86, and integrins CD11b and CD11c were also significant-
ly downregulated in siVentX-transfected monocytes compared 
with siGFP-transfected control cells (Figure 3A). In support of its 
functional relevance in innate immunity, the expression of pattern 
recognition receptors such as TLR4, mannose receptor (MR), and 

Figure 1
Upregulation of VentX expression during monocyte-to-macrophage differentiation. (A) VentX expression in circulating monocytes. Monocytes 
were magnetically isolated by anti-CD14 beads from peripheral blood of healthy adult donors. Total RNA was extracted, and RT-PCR analy-
sis of VENTX mRNA level was conducted as described in Methods. (B) VentX expression during monocyte-to-macrophage differentiation in 
vitro. Monocytes were cultured in the presence of M-CSF (M), GM-CSF (GM), or IL-3 for the indicated days or in the absence of cytokines 
for 3 days. Upper panel: VENTX mRNA levels were determined by RT-PCR. Lower panel: VentX protein levels were determined by Western 
blot analysis, using VentX-specific antibodies. VentX expression in freshly isolated monocytes was used as baseline control (Day 0). (C) 
Induction of VENTX promoter activity by the indicated cytokines. Freshly isolated monocytes were electroporated with pGL3-VentX promoter 
luciferase reporter construct or a control empty pGL3 luciferase reporter. Twenty-four hours after electroporation, cells were treated with the 
indicated cytokines for an additional 24 hours. Cell lysates were then obtained, and luciferase activity was measured. Data represent mean 
+ SD of triplicates of 1 representative experiment. (D) Time course of VentX expression during in vitro induction of monocyte differentiation 
into macrophages. Monocytes were subjected to M-CSF treatment in vitro for the indicated time. The VENTX mRNA levels were determined 
by quantitative PCR for up to 7 days.
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CD14 was also downregulated in VentX-silenced cells (Figure 3A). 
To eliminate the possibility of off-target effects, we used a second 
siRNA sequence (VentX siRNA-2) that has been shown to be effec-
tive in knockdown of VENTX expression (20). As shown in Supple-
mental Figure 1 (supplemental material available online with this 
article; doi:10.1172/JCI45556DS1), surface expression of CD71 
and other markers was again downregulated by VentX siRNA-2 but 
not by a scrambled siRNA. It should be noted, however, that not 
all macrophage surface molecules are affected by the knockdown 
of VENTX. For example, expression of HLA-DR, CD16, and CD36 
remained unchanged after VENTX knockdown (Supplemental Fig-
ure 2). Moreover, VENTX knockdown did not decrease the viability 
of primary monocytes as determined by propidium iodide (PI) and 
annexin V staining assay (Figure 3B), therefore ruling out the pos-
sibility that diminished monocyte-to-macrophage differentiation 
may result from cytotoxicity induced by VentX suppression. The 
effect of VENTX knockdown on macrophage differentiation could 
be seen as early as 3 days after siRNA transfection and was still 
noticeable 6 days after transfection (Supplemental Figure 3). In 
addition to M-CSF, siVentX blocked macrophage differentiation 
by other known inducing factors, such as GM-CSF and IL-3 (refs. 

25, 31, and Supplemental Figure 4). Monocyte-to-macrophage 
differentiation is associated with enhanced capability of phagocy-
tosis (4). As shown in Figure 3C, in comparison with the control, 
monocytes transfected with siVentX displayed reduced phago-
cytotic activity, suggesting that VentX is required for functional 
development during monocyte-to-macrophage differentiation.

VentX promotes macrophage differentiation of U937 cells. U937 is a pro-
monocytic cell line that has been widely used as a model to study 
monocyte-to-macrophage differentiation. It has been shown that 
ectopic expression of several transcription factors, such as BLIMP-1  
and IRF-7, was able to trigger macrophage differentiation  in 
U937 (17, 18). To test whether VentX is a bona fide key regulator 
of monocyte-to-macrophage differentiation, we generated stable 
U937 cell lines expressing GFP or GFP.VentX under the control 
of doxycycline–inducible (DOX-inducible) promoter. As shown in 
Figure 4A, after 3 days of DOX induction, a large portion of U937 
cells became GFP positive. In the GFP.VentX-transduced cells, 
more than 50% of GFP-positive cells acquired surface expression 
of CD11b, CD11c, and CD14, the markers of macrophage differ-
entiation (18, 25, 32), whereas few GFP-transduced cells acquired 
these  markers  (Figure  4A).  Truncation  analysis  showed  that 

Figure 2
Knockdown of VENTX compromises the macrophage differentiation of primary monocytes. (A) Knockdown of VENTX expression in primary 
monocytes by RNA interference. Monocytes were transfected with siRNA against GFP or VentX through electroporation. VENTX mRNA levels 
were determined by real-time PCR at 3 days after transfection (left); VentX protein level was determined by Western blotting at 4 days after 
transfection (right). (B) Effects of VENTX knockdown on macrophage morphogenesis during M-CSF–induced differentiation. Monocytes were 
transfected with either siGFP or siVentX and subsequently exposed to 100 ng/ml M-CSF. At 4 days after transfection, the morphology of macro-
phages was revealed by phase contrast microscopy (upper panel) and Wright-Giemsa staining (lower panel). Original magnification, ×200. Note: 
A portion of cells lost their original morphology during the Wright-Giemsa staining procedure. (C) Effects of VENTX knockdown on macrophage 
surface expression of CD71. Left panel: CD71 expression was not detected on cell surface of freshly isolated monocytes. Right panel: CD71 
expression on M-CSF–treated monocytes at 4 days after siRNA transfection. Filled blue histogram represents the isotope control staining; red 
histogram represents monocytes transfected with siGFP; green histogram represents monocytes transfected with siVentX. (D) Bar graphs show 
mean + SD of 6 different experiments in C. Paired t test was used to reveal statistical significance. **P < 0.01.
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the pro-differentiation function of VentX depends on its DNA-
binding homeodomain (Supplemental Figure 5). In addition to 
the acquisition of surface markers, ectopic expression of VentX 
also led to pronounced morphological changes in U937 cells. As 
shown in Figure 4B, after 3 days of induction, GFP.VentX-trans-
duced cells became adherent and flattened with extensive pseu-
dopodia, resembling the morphology after ectopic expression of 
BLIMP-1 (18). In contrast, no such phenotypes were observed in 
U937 cells expressing GFP. Further, enhanced phagocytotic activ-
ity (Figure 5A) and increased expression (Figure 5B) and secretion 
(Figure 5C) of proinflammatory cytokines were also detected in 
GFP.VentX-transduced U937 cells, suggesting a role of VentX in 
the proinflammatory response of macrophages. Terminal mac-
rophage differentiation of U937 cells  is usually coupled with 
the cessation of cell division (18). Indeed, we observed that GFP.
VentX-transduced U937 cells were associated with apparent G1 
growth arrest (Figure 5, D and E), which is likely ascribed to the 
downregulation of c-Myc and upregulation of p21 after induction 
of VentX expression (Figure 5F).

VentX controls the expression of M-CSF receptor. Multiple signaling 
pathways and transcription factors have been implicated in mono-
cyte differentiation (8). For identification of potential targets of 
VentX during monocyte differentiation, HL60 cells were ectopical-
ly expressed with VentX and treated with PMA to induce monocyt-

ic differentiation (33). As shown in Supplemental Figure 6, VentX 
induced drastic upregulation of M-CSF receptor (M-CSFR) and 
transcription factors MAFB and EGR1 in HL60 cells. No appar-
ent changes were observed for C/EBP, AML1, IRF8, FOXP1, and 
PU1, the master regulator of myeloid development (Supplemen-
tal Figure 6). Previous studies showed that M-CSFR is absolutely 
required for macrophage differentiation (34) and is a downstream 
target of multiple myeloid transcriptional factors; we therefore 
focused on the potential regulation of M-CSFR by VentX, using 
gain- and loss-of-function approaches. Overexpression of VentX 
in U937 cells resulted in induction of M-CSFR as determined by 
Western blot analysis of total cellular lysates (Figure 6A) and sur-
face expression by flow cytometry analysis (Figure 6B). M-CSFR 
mRNA was also dramatically elevated as determined by real-time 
PCR (Figure 6C). To elaborate the mechanisms underlying VentX-
induced M-CSFR expression, we examined the effects of VentX on 
M-CSFR transcription. Using M-CSFR promoter luciferase reporter 
assays, we observed that VentX significantly augmented M-CSFR 
promoter activity in U937 cells (Figure 6D, M-CSFR/WT). In com-
parison, VentX did not affect the activity of a control pGL3 lucif-
erase reporter in this cell line. Detailed examination of the human 
M-CSFR promoter region revealed a putative homeodomain bind-
ing site (HDB) (Supplemental Figure 7A and ref. 35). Mutations 
of the HDB site in the M-CSFR promoter resulted in a significant 

Figure 3
Effects of VENTX knockdown on surface markers expression, viability, and phagocytosis of macrophages. (A) Left panel: Flow cytometry analysis 
of indicated surface markers in monocytes transfected with siGFP or siVentX. Right panel: Bar graphs show the mean + SD of at least 3 separate 
experiments. *P < 0.05, **P < 0.01. (B) Effects of VENTX knockdown on macrophage viability. Monocytes were transfected with either siGFP or 
siVentX and subsequently exposed to 100 ng/ml M-CSF for 3 days. Cells were then harvested and stained with PI and annexin V and analyzed by 
flow cytometry. (C) Effects of VENTX knockdown on phagocytosis. Monocytes were transfected with siGFP or siVentX. Phagocytosis assays were 
carried out as described in Methods. Red histogram represents transfection with siGFP; green histogram represent transfection with siVentX. Left 
panel: Cells were incubated on ice. Right panel: Cells were incubated at 37°C. Representative data of 3 independent experiments are shown.
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decrease in VentX-induced luciferase activity, suggesting the func-
tional importance of the HDB site (Figure 6D, M-CSFR/Mut). To 
determine whether VentX interacts with the M-CSFR promoter 
directly, we performed a ChIP assay and EMSA. The results of 
both tests suggested a direct interaction between VentX and the 
M-CSFR promoter (Figure 6, E and F). Moreover, the interaction 
between VentX and the M-CSFR promoter was largely abrogated by 
mutation of the HDB sites as revealed by the EMSA assay (Figure 
6F, lane 3), suggesting the importance of the HDB in mediating 
interaction between VentX and the M-CSFR promoter. We then 
examined whether VentX is also required for M-CSFR expression 
in primary monocytes. To this end, we knocked down endogenous 
VENTX in primary monocytes by the siRNA method. In support 
of the overexpression experiments in the U937 cell model, knock-
down of VENTX in primary monocytes caused significant down-
regulation of M-CSFR at mRNA, protein, as well as cell surface 
expression levels (Figure 7, A–C). To further assess the potential 
role of M-CSFR in mediating VentX function, we cotransfected 
M-CSFR plasmid with VentX siRNA into primary monocytes. As 
shown in Supplemental Figure 8, ectopic expression of M-CSFR 
partially restored the macrophage differentiation defect caused by 
VENTX knockdown, suggesting that VentX regulates monocyte-
to-macrophage differentiation, at least in part, through modulat-
ing the expression of M-CSFR.

Previous studies showed that the M-CSFR promoter is sub-
jected to the regulation of multiple other transcriptional fac-
tors such as Foxp1, PU.1, AML1, and C/EBP (36). In particular, 
Foxp1 binds to the forkhead binding sites within the M-CSFR 
promoter and operates as a transcriptional repressor of M-CSFR 
expression (37), which raised the possibility that VentX may pro-
mote M-CSFR expression through displacement of Foxp1 occu-
pancy on the M-CSFR promoter. To test this hypothesis, we per-
formed ChIP assays to detect the interaction between Foxp1 and 
the M-CSFR promoter in U937 cells with ectopic expression of 
VentX and in primary monocytes with knockdown of VENTX. As 
shown in Figure 7D, neither overexpression nor knockdown of 
VENTX affected the binding of Foxp1 to the M-CSFR promoter, 
as shown by the ChIP assays. Notably, the binding site of VentX 
on the M-CSFR promoter is distant (~450bp) to that of Foxp1 
(Supplemental Figure 7B).

VentX is required for the proinflammatory response in macrophages. 
Macrophages retain a high level of VentX expression (Figure 1, B 
and D). We therefore explored the requirement of VentX for mac-
rophage functions. We found that, upon knockdown of VENTX 
expression, macrophages lost their adherence to a plastic surface 
and were not able to spread out and maintain their fibroblast-like 
shapes (Supplemental Figure 9A). The morphological changes 
of macrophages were associated with marked decreases in levels 

Figure 4
VentX promotes macrophage differentiation of U937 cells. U937 cell lines conditionally expressing GFP or GFP.VentX under the control of a tet-
racycline-inducible promoter were treated with 1.0 μg/ml DOX for 72 hours. (A) FACS analysis of monocyte/macrophage surface markers CD14, 
CD11b, and CD11c. (B) Effects of VentX expression on morphogenesis and adhesion of U937 cells. Upper panel: Cells were photographed using 
phase contrast microscopy. The percentage of adherent cells was calculated by methods of trypsinization and counting both floating and adher-
ent fractions of cells: GFP, <0.1%; GFP.VentX, 35.3% ± 5.0%. Cells showing pseudopodia were counted as cells with morphological change: 
GFP, <0.1%; GFP.VentX, 28.9% ± 3.7%. Lower panel: Wright-Giemsa staining of DOX-treated U937 cells. Original magnification, ×200.
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of cell surface adhesion molecules such as CD11b and CD11c, 
as determined by flow cytometry analysis (Supplemental Figure 
9B), which may account for their aberrant morphologies (38).

Macrophages classically activated in vitro by IFN-γ and LPS stim-
ulation display elevated expression of MHC-II and costimulatory 
molecules CD80 and CD86 (2), secrete proinflammatory cytokines 
at a high level, and exhibit enhanced antimicrobial activity (2, 3). 
To investigate whether VentX is required for classical activation 
of macrophages, we used a loss-of-function approach involving 
knockdown of VENTX. First, we found that surface expression of 
CD40, CD80, and CD86, but not the HLA-DR, was significantly 
downregulated in macrophages transfected with siVentX (Figure 
8A). Second, expression of proinflammatory cytokines such as 
TNF-α, IL-1β, IL-6, IL-8, and IL-12, as well as M-CSF, were sig-
nificantly decreased in cells transfected with siVentX (Table 1). 
Consistently, there was a significant reduction in proinflamma-
tory cytokine secretion by these siVentX-transfected macrophages 
(Figure 8B). Third, siVentX-transfected macrophages produced 
significantly less ROS (Figure 8C) and NO (Figure 8D) and dis-
played a weakened capacity to phagocytose (Figure 8E), suggesting 
that these cells are less effective in microbial killing. In addition, 
siVentX-transfected macrophages stimulated allogeneic T cell pro-

liferation at a lower rate, reflecting a decreased ability to present 
antigens (Figure 8F). Taken together, these experiments suggest 
that VentX is required for the macrophage classical activation.

We also investigated whether VentX regulates the macrophage 
alternative activation following IL-4 treatment by analyzing sev-
eral alternative activation markers such as CD163, MR, alternative 
macrophage activation–associated CC chemokine 1 (AMAC1; also 
called CCL18), and IL-10 (6, 39). As shown in Supplemental Figure 
10, although the level of CCL18 was downregulated, the expression 
of CD163, MR, and IL10 was not significantly affected by VENTX 
knockdown. Hence, VentX appears not to be essential for alterna-
tive activation of macrophages by IL-4.

VentX targets multiple pathways to regulate the proinflammatory 
response in macrophage. LPS and IFN-γ are two key stimuli trig-
gering the proinflammatory response of macrophages (2, 3). 
We therefore investigated whether VentX affected the signaling 
pathways of these two stimulants. We first examined whether 
VentX affected the expression of membrane receptors for LPS 
and IFN-γ. Using the U937 cell model, we found that ectopic 
expression of VentX significantly increased mRNA levels of the 
LPS receptor components (TLR4, CD14, MD-2) and IFN-γ recep-
tors (IFNGR1 and IFNGR2) (Figure 9A). Knockdown of VENTX 

Figure 5
VentX promotes proinflammatory response and inhibits proliferation in U937 cells. U937 cell lines were treated as described in Figure 4. (A) 
Phagocytosis of DOX-treated U937 cells at 37°C. Red histogram represent GFP-expressing cells; green histogram represent GFP.VentX-
expressing cells. Filled blue histogram represents background staining of cells not undergoing phagocytosis. (B) Effects of VentX expression on 
the mRNA level of proinflammatory cytokines. U937 cells were treated with 1 μg/ml LPS for 6 hours after 72 hours exposure to DOX. Real-time 
PCR was performed to determine mRNA levels of the indicated cytokines. Data are presented as the fold of elevation and are mean + SD of 
triplicates from 1 representative experiment. (C) Secreted IL-1β and TNF-α from U937 cell culture supernatants were determined with ELISA 
kits. U.D., undetectable. Data represent mean + SD of triplicates from 1 representative experiment. (D) Effects of VentX on growth of U937 cells. 
Cells (2 × 104) were seeded in 6-well plates and cultured for 5 days in the presence of 1.0 μg/ml DOX. Cell numbers at the indicated days were 
determined and plotted. (E) Cell cycle profiles of U937 cells expressing GFP or GFP.VentX after 3 days exposure to DOX. Cells were stained 
with PI and analyzed by FACS. (F) Effects of VentX on mRNA levels of c-Myc and p21 as determined by real-time PCR. Data represent mean 
+ SD of triplicates from 1 representative experiment. *P < 0.05, **P < 0.01.
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in primary macrophages consistently reduced the mRNA level 
of these receptors (Figure 9B). Flow cytometry analysis further 
confirmed that surface expression of CD119 (IFN-γ receptor 1), 
CD14, and TLR4 was significantly diminished in siVentX-trans-
fected macrophages (Figure 9C).

The TLR4 pathway is coupled to the activation of cytoplasmic 
transcription factors such as NF-κB and AP-1, which translo-
cate to the nucleus and trigger profound changes in macrophage 
gene expression (7, 40). IFN-γ signaling is largely mediated by 
the latent cytosolic factor Stat1 that is activated by Jak kinase 
(7, 41, 42). Thus, we examined whether VentX-targeted compo-
nents of TLR4 and IFN-γ downstream signaling pathways. As 
shown in Figure 9, A and B, both gain-of-function experiments 
in U937 cells (Figure 9A) and loss-of-function experiments in 
primary macrophages  (Figure 9B) demonstrated that VentX 
regulated the expression of multiple members of Jak/Stat, AP-1,  
and NF-κB signaling pathways. Particularly, mRNA levels of 
STAT1,  JUNB,  and  C-FOS  were  substantially  affected  by  the 
altered VentX expression (Figure 9, A and B). The mRNA data 
were further confirmed by Western blot analysis, which showed 
that the protein levels of Stat1, Jun-B, and c-Fos were subjected 
to modulation by VentX (Figure 9D). To explore the mecha-

nisms whereby VentX regulates these factors, ChIP assays were 
performed but revealed no significant binding of VentX to the 
promoter regions of these genes (Figure 9E and data not shown), 
suggesting that VentX may regulate their expression indirectly.

Multiple other transcriptional factors have also been implicat-
ed in macrophage activation by previous studies. For example, 
Krüppel-like factor (KLF4) and HIF-1 are suggested to promote 
macrophage activation, whereas KLF2 and Stat6 are  inhibi-
tory  (43–48).  In  addition,  emerging  evidence  has  suggested 
the involvement of the transcriptional coactivator p300/CBP 
in the activation of macrophages (43, 44). We therefore exam-
ined whether VentX regulates the expression of these factors. As 
shown in Figure 10, while overexpression of VentX augmented 
mRNA levels of KLF2, KLF4, and HIF1  in U937 cells, knock-
down of VENTX only caused downregulation of HIF1 mRNA in 
primary macrophages, suggesting that HIF-1 may be a physi-
ological downstream target of VentX. VentX did not regulate the 
expression of p300 mRNA (Figure 10). However, when p300 was 
knocked down in U937 cells, VentX-induced upregulation of 
TNFA and IL1B became significantly compromised (Supplemen-
tal Figure 11), suggesting that p300 is involved in the VentX-
induced proinflammatory response.

Figure 6
VentX transactivates M-CSFR expression. (A–C) U937 cell lines expressing GFP or GFP.VentX under the control of tetracycline-inducible 
promoter were treated with 1.0 μg/ml DOX for 72 hours. (A) Western blot analysis of M-CSFR protein levels from U937 cell lysates. Tubulin 
was used as a loading control. (B) Surface expression of M-CSFR was determined by FACS analysis. Filled gray histogram represents isotype 
control; solid line histogram represents cells expressing GFP; dotted line histogram represents cells expressing GFP.VentX. (C) M-CSFR mRNA 
levels were determined by real-time PCR. Data represent mean + SD of triplicates from 1 representative experiment. (D) VentX transactivation of 
M-CSFR promoter. pcDNA-VentX or pcDNA-control was cotransfected with wild-type or mutant M-CSFR promoter luciferase reporter constructs 
into U937 cells. The effect of VentX on M-CSFR promoter transactivation was determined by luciferase activity. Data are mean + SD of triplicates 
from 1 representative experiment. (E) ChIP analysis of the interaction between VentX and the M-CSFR promoter, showing the association of 
VentX with the M-CSFR promoter region but not with the Cμ region in U937 cells. (F) Gel shift analysis showing the binding of VentX to the wild-
type M-CSFR promoter probe, but reduced binding to the mutant M-CSFR promoter (Mut) probe. *P < 0.05, **P < 0.01.
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Expression of VentX and proinflammatory cytokines correlates in clini-
cal patients. The findings that VentX controls proinflammatory 
responses in U937 cells (Figure 5) and primary macrophages (Figure 
8) prompted us to determine the potential clinical relevance of these 
findings. We directed our exploration toward autoimmune diseases, 
such as SLE and RA. Previous studies have shown that expression 
of proinflammatory cytokines such as TNF-α, IL-1β, and IL-6 is 
often elevated in these patients and that expression levels of pro-
inflammatory cytokines are usually associated with disease severity 
(49–52). To assay for a potential relationship between VentX expres-
sion and the expression of proinflammatory cytokines in a clinical 
setting, we quantitatively measured the expression levels of TNFA, 
IL1B, IL6, and VENTX from peripheral blood leukocytes of SLE/RA 
patients. Linear regression analysis of the expression of TNF-α, IL-
1β, and IL-6 against VentX was then performed. As shown in Figure 
11A, VENTX expression strongly correlated with the expression of 
TNFA, IL1B, and IL6. Similar results were also obtained when puri-
fied monocytes from SLE/RA patients were used for the analysis 
(Figure 11B), suggesting a regulatory role of VentX in the expression 
of proinflammatory cytokines in SLE/RA patients.

Immunosuppressants remain a main therapeutic modality to 
control inflammation in SLE/RA patients. To determine whether 
VentX may serve as a therapeutic target of immunosuppressant 
treatment, we divided the SLE/RA patients into two subgroups: 
those on immunosuppressant and those on non-immunosup-
pressant regiments. As shown in Supplemental Figure 12, VentX 
expression was significantly downregulated in SLE/RA patients 
receiving immunosuppressants (treatment group) in comparison 
with that of the control group. Furthermore, expression levels 
of TNFA, IL1B, and IL6 were also decreased in patients receiving 
immunosuppressant treatment (Supplemental Figure 12).

Discussion
VentX regulates monocyte-to-macrophage terminal differentiation. The 
molecular mechanisms underlying monocyte/macrophage devel-
opment have been extensively investigated for their broad implica-
tions in host defense, autoimmunity, inflammatory control, and tis-
sue repair and regeneration (1, 3, 10, 53). Monocytes/macrophages 

arise from pluripotent hematopoietic stem cells in the bone marrow 
through multiple stages of concerted expression of signaling mol-
ecules and transcriptional factors (8, 10, 11). Extensive genetic stud-
ies in knockout mice have identified several transcriptional factors 
that are important for specification of myeloid progenitor cells and 
subsequent monocyte/macrophage lineage commitment (1, 8, 9, 54). 
In particular, the Ets family transcriptional factor PU.1 and C/EBP 
family member C/EBPα represent master regulators of myeloid lin-
eage development (11–14). Nevertheless, it is clear that monocyte/
macrophage lineage commitment is distinct from differentiation 
of monocytes into mature macrophages; the latter is accompanied 
by marked changes in cell morphology and immune functions and 
requires a new set of expressed genes (15, 16, 38, 53). However, little 
is known about the transcriptional regulation of terminal monocyte-
to-macrophage differentiation. Our data suggest that VentX is a key 
regulator of this process. In the knockdown experiments, 50%–70% 
of VENTX suppression could be achieved with the siRNA approach, 
which resulted in a remarkable 80% reduction in CD71 expression 
(Figure 2). Meanwhile, cells lost normal fibroblast-like morphol-
ogy and showed weaker phagocytotic activity, indicating that VentX 
deficiency affects various aspects of macrophage differentiation and 
function. Moreover, consistent with the upregulated expression of 
VentX during monocyte-to-macrophage differentiation, overexpres-
sion of VentX in primary monocytes was able to promote macro-
phagic differentiation (our unpublished observations). Further, we 
showed that ectopic expression of VentX alone was sufficient to drive 
macrophagic differentiation of U937 cells. Although transcription 
factors, such as BLIMP-1, IRF-7, PU.1, and NF-κB, have been shown 
to be important for U937 differentiation, their specific involvement 
in primary human monocyte-to-macrophage differentiation was 
not defined (17, 18, 55). To our knowledge, VentX is the first tran-
scription factor both necessary and sufficient for human primary 
monocyte-to-macrophage differentiation. Interestingly, despite its 
prominent role in human monocyte-to-macrophage differentiation, 
we and others were unable to identify a murine homolog of VentX. 
Strikingly, the two genes that flank the VENTX gene in the human 
genome (UTF1 and ADAM8) are syntenic in the mouse genome; how-
ever, there appears to be no VENTX homolog in the mouse (24).

Figure 7
VentX regulates M-CSFR expression in primary monocytes. (A–C) Freshly isolated monocytes were transfected with siRNA against GFP or 
VentX. Cells were then maintained in RPMI 1640 medium supplied with M-CSF and harvested at 3 days after transfection. (A) Protein levels of 
M-CSFR in transfected cells were determined by Western blot analysis. (B) Surface expression of M-CSFR was determined by FACS analysis. 
Filled gray histogram represents isotype control; solid line histogram represents transfection with siGFP; dotted line histogram represents trans-
fection with siVentX. (C) M-CSFR mRNA levels in transfected cells were determined by real-time PCR. Data represent mean + SD of triplicates 
of 1 representative experiment. (D) ChIP analysis of the effects of VentX on the interaction between Foxp1 and M-CSFR promoter in U937 cells 
(upper panel) and primary monocytes (lower panel) by overexpression (upper panel) and knockdown (lower panel) approaches. Note that VentX 
did not affect the interaction between Foxp1 and the M-CSFR promoter region. **P < 0.01.
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Among the questions to be answered are the molecular mecha-
nisms of VentX upregulation during monocyte-to-macrophage 
differentiation (Figure 1). Promoter analysis with the ECR Browser 
(http://ecrbrowser.dcode.org/) found that the VENTX promoter 
region is highly conserved among primates (chimpanzee and rhe-
sus monkey; Supplemental Figure 13A). Detailed analysis of the 
VENTX promoter revealed several evolutionarily conserved bind-

ing sites for transcriptional factors implicated in macrophage dif-
ferentiation, such as C/EBP, Egr-1, AP-1, and NF-κB (ref. 8 and 
Supplemental Figure 13B). Further studies are underway to define 
the role of these factors in the regulation of VentX expression.

Mechanism of regulation of macrophage differentiation by VentX.  
M-CSFR  (also  called  csf1r)  is  an  integral  membrane  tyro-
sine kinase encoded by the c-fms proto-oncogene. M-CSFR is 

Figure 8
VentX expression is required for classical macrophage activation. Macrophages were generated through incubation of freshly isolated 
monocytes with 100 ng/ml M-CSF for 4 days. These macrophages were then transfected with siGFP or siVentX and further cultured in 
RPMI 1640 medium for an additional 3 days. Thereafter, cells were exposed to 1 μg/ml LPS plus 20 ng/ml IFN-γ for 6 hours. (A) Surface 
staining of CD40, CD80, CD86, and HLA-DR and intracellular staining of TNF-α and IL-1β were analyzed by flow cytometry. (B) Levels of 
secreted TNF-α, IL-1β, and IL-12p70 from culture supernatants were determined with ELISA kits. (C) ROS from siGFP- or siVentX-trans-
fected macrophages was analyzed with fluorescence microscopy (left; original magnification, ×200) and flow cytometry (middle). Right 
panel: Mean + SD of 3 different flow cytometry experiments. (D) Nitrate level from siGFP- and siVentX-transfected macrophages. Data 
represent mean + SD of 3 different experiments. *P < 0.05 (B–D). (E) Phagocytosis of siGFP- and siVentX-transfected macrophages. Red 
histogram represents transfection with siGFP; green histogram represents transfection with siVentX. Left panel: Cells were incubated on 
ice. Right panel: Cells were incubated at 37°C. (F) Effects of VENTX knockdown on mixed lymphocyte reaction. Irradiated macrophages 
that had been transfected with siGFP or siVentX were utilized to stimulate allogenic naive CD4+ T cell proliferation. The proliferation 
rates are presented as cpm. Results show mean + SD of triplicate wells of 1 representative experiment. Statistically significant difference  
(*P < 0.05) was observed when 4 × 102 or 2 × 103 cells were added.
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expressed in monocytes/macrophages and their progenitors 
and is obligatory for macrophage differentiation (56, 57). Sev-
eral cytokines and transcription factors regulate macrophage 
differentiation by modulating expression of M-CSFR (37, 58, 
59). As shown in Figure 6, we demonstrated that M-CSFR is 
a transcriptional target of VentX through various biochemical 
approaches. VentX binds to the HDB site of the M-CSFR pro-
moter and directly transactivates M-CSFR expression. When 
M-CSFR plasmid was supplemented into siVentX-transfected 
monocytes, the macrophage differentiation defect was partially 
restored (Supplemental Figure 8), indicating that M-CSFR is 
a physiologically  important target of VentX  in macrophage 
differentiation. Interestingly, the promoter regions of human 
and murine M-CSFR genes show little conservation (analyzed 
by ECR Browser; data not shown). Therefore, transcriptional 
activation of M-CSFR by VentX is likely a unique pathway for 
human monocytes. Besides the M-CSFR pathway, the finding 
that ectopic expression of VentX alone is able to drive macro-
phage differentiation of U937 cells suggests the existence of 
other mechanisms underlying VentX-induced macrophage dif-
ferentiation, because M-CSF is not required for U937 differ-
entiation. Previous studies have showed that downregulation 
of c-Myc and upregulation of p21 promote macrophage differ-
entiation of U937 cells (9, 10, 18, 19, 60). Our data show that 
c-Myc and p21 can be regulated by VentX in U937 cells (Figure 
5F). In addition, knockdown of VENTX also downregulated the 
expression of GM-CSF and IL-3 receptors (our unpublished 
observations), which may explain the differentiation defects 
after GM-CSF and IL-3 treatments (Supplemental Figure 4).

VentX controls macrophage proinflammatory responses. Knock-
down of VENTX caused downregulation of multiple membrane 
receptors critical for innate and adaptive immunity, including 
TLR4, MR, Fcγ receptor CD64, costimulatory molecules CD40, 
CD80, and CD86, and adhesion molecules CD11b and CD11c. 
As a consequence, the profoundly phenotypic and functional 
changes were observed in VentX-silenced monocytes/macro-
phages. Specifically, downregulation of TLR4, CD14, MR, and 
CD64 may contribute to the impaired phagocytotic ability of 
monocytes/macrophages (61). Aberrant morphogenesis and 
adherence may relate to the downregulation of adhesion mol-
ecules CD11b and CD11c (38). Downregulation of costimu-
latory molecules CD40, CD80, and CD86 on membrane may 
weaken the ability of macrophages to stimulate T cell prolifera-
tion (Figure 8F). VentX also regulates the expression of Stat1 
and AP-1 transcription factors, the essential components of 

the IFN-γ and LPS signaling pathways. Consequently, knock-
down of VENTX rendered macrophages unable to mount an 
optimal proinflammatory response upon classical activation 
(Figure  8).  In  contrast,  overexpression  of  VentX  enhanced 
secretion of proinflammatory cytokines in U937 cells (Figure 
5, B and C). In addition, other factors implicated in macro-
phage activation, such as HIF-1 and p300 coactivator com-
plex, may also be involved in VentX-mediated inflammatory 
response. Our study  therefore  indicates  that VentX targets 
multiple pathways and plays critical roles in various aspects 
of monocyte/macrophage biology. The clinical implication of 
VentX in regulation of inflammatory response was suggested 
by the observation that expression levels of VentX and several 
proinflammatory cytokines correlate positively  in patients 
with autoimmune diseases (SLE and RA). The pathogenesis 
of these diseases is multifactorial and involves abnormalities 
in both innate and adaptive immunity. The increased expres-
sion of proinflammatory cytokines such as TNF-α and IL-6 
has been related to the induction of the diseases (62, 63). Thus, 
dysregulated expression of VentX in macrophages may play a 
role in the pathogenesis of autoimmune diseases. Moreover, 
we found that expression of VentX could be downregulated by 
immunosuppressive therapy in SLE/RA patients (Supplemen-
tal Figure 12), suggesting a potential role of VentX as a future 
therapeutic target and in clinical management of autoimmune 
and inflammatory disorders.

Methods
Monocyte isolation and culture. PBMCs from healthy adult donors at Chil-
dren’s Hospital Boston were isolated by Ficoll density gradient centrifu-
gation. Experiments with human materials were performed according to 
protocols approved by the institutional review committee of Brigham and 
Women’s Hospital. CD14+ monocytes were purified from PBMCs using 
anti-CD14–coated microbeads (Miltenyi Biotec). The purity of freshly iso-
lated CD14+ monocytes was more than 95% as analyzed by flow cytometry. 
Monocytes were cultured in 12-well plates at 1 × 106 cells/ml with RPMI 
1640 medium containing 10% FBS. M-CSF, GM-CSF, and IL-3 were pur-
chased from PeproTech and used at a final concentration of 100 ng/ml. 
Cytokines were added to cultures every 2 or 3 days.

RNA interference. Human primary monocytes were transfected using 
the Human Monocyte Nucleofector Kit (Lonza) according to the man-
ufacturer’s  instructions. Briefly, 5 × 106 monocytes were resuspended 
into 100 μl Nucleofector solution with 0.5 nmol of either VentX siRNA 
(forward: 5′-UUCAGAAUCGCCGCAUGAAACACAAACGG-3′;  reverse:  
5′-CCGUUUGUGUUUCAUGCGGCGAUUCUGAA-3′) or non-effective 
GFP siRNA (forward: 5′-UGACCACCCUGACCUACGGCGUGCAGUGC-3′;  
5′-reverse:  GCACUGCACGCCGUAGGUCAGGGUGGUCA-3′)  before 
electroporation with the Nucleofector II Device (Lonza). Cells were then 
immediately removed from the device and incubated overnight with 1 ml 
prewarmed Human Monocyte Nucleofector Medium containing 2 mM 
glutamine and 10% FBS. Cells were then resuspended in complete RPMI 
medium and treated with appropriate cytokines to induce differentiation 
into macrophages. Similarly, macrophages derived from monocytes were 
transfected with Human Macrophage Nucleofector Kit (Lonza) following 
the manufacturer’s instructions.

Generation of U937 cell line conditionally expressing VentX. Human pro-
monocytic cell line U937 was obtained from ATCC. Plasmid constructs 
expressing VentX have been described previously (20). GFP.VentX fusion 
fragment was cut from pCS2 expression vector through digestion with 
BamHI/SnaBI and subcloned into pRetroX-Tight-Puro retroviral vector 

Table 1
Effects of VENTX knockdown on cytokine mRNA expression  
in macrophages

	 siGFP	 siVentX	 P
TNFA 0.46 ± 0.04 0.18 ± 0.01 <0.01
IL6 3.40 ± 0.21 1.78 ± 0.14 <0.01
M-CSF 0.40 ± 0.01 0.14 ± 0.01 <0.01
IL12p35 1.77 ± 0.21 0.37 ± 0.14 <0.01
IL12p40 0.52 ± 0.02 0.61 ± 0.05 >0.05
IL8 471 ± 10.2 172 ± 5.8 <0.01
IL1B 51.08 ± 3.2 21.93 ± 1.8 <0.01
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Figure 9
VentX regulates LPS and IFN-γ signaling pathways. (A) Effects VentX overexpression on the expression of LPS and IFN-γ pathway components. 
U937 cells expressing GFP or GFP.VentX under the control of a tetracycline-inducible promoter were treated with 1 μg/ml LPS for 6 hours after 
exposure to DOX for 72 hours. Real-time PCR was performed to determine mRNA levels of the indicated genes. Data represent mean + SD 
of 2 separate experiments. (B) Effects of VENTX knockdown on the expression of LPS and IFN-γ pathway components. Macrophages were 
transfected with siGFP or siVentX, followed by culture in RPMI 1640 medium for 3 days. Cells were then exposed to 1 μg/ml LPS plus 20 ng/ml 
IFN-γ for 6 hours. Real-time PCR was performed to determine mRNA levels of the indicated genes. Data represent mean + SD of triplicates of 
1 representative experiment. (C) FACS analysis of surface expression of CD119, CD14, and TLR4 from macrophages transfected with siGFP 
or siVentX. Filled blue histogram represent the isotope control staining; red histogram represent macrophages transfected with siGFP; green 
histogram represent macrophages transfected with siVentX. (D) Western blot analysis of VentX effects on the protein level of STAT1, JunB, and 
c-Fos in U937 cells (left column) and macrophages (right column) by overexpression and knockdown approaches, respectively. (E) ChIP analysis 
of VentX interaction with STAT1 and JUNB promoter regions. No significant binding of VentX to the promoter regions of STAT1 and JUNB was 
detected by the ChIP assay. *P < 0.05, **P < 0.01.
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(Retro-X Tet-On Advanced Expression System, Clontech) digested with 
BamHI/NruI. Retroviruses were packaged through co-transfection of 
pCL-Ampho packaging vector (IMGENEX) and retroviral vectors into 
HEK293 cells. A U937 cell line conditionally expressing GFP.VentX was 
generated through co-transduction of pRetroX-GFP.VentX and pRetroX-
Tet-On Advanced retroviruses. GFP.VentX-positive cells were sorted by a 
FACSAria high-speed sorter (BD) after incubation with 1.0 μg/ml DOX 
for 24 hours (Dana-Farber Cancer Institute Flow Cytometry Core Facil-
ity). Sorted cells were then maintained in RPMI 1640 medium in the 
absence of DOX. A U937 cell line conditionally expressing GFP was simi-
larly generated for comparison.

FACS analysis. Phenotypic analysis of monocytes/macrophages was per-
formed using flow cytometry after immunolabeling of cells with fluores-
cence dye–conjugated antibodies. The following antibodies were used: PE-
conjugated anti-CD71, -CD11b, -CD11c, -CD16, -CD64, -CD80, -CD86, 
–HLA-DR, -CD14, -TLR4, –IL-1β, and –TNF-α, and FITC-conjugated anti-
CD40 and -CD36 (eBioscience); FITC-conjugated anti-MR and unconju-
gated mouse anti–M-CSFR (R&D Systems). Isotope control labeling was 
performed in parallel. Antibodies were diluted as recommended by the 
supplier. PE-conjugated rabbit anti-mouse IgG antibody was used for sec-
ondary M-CSFR staining. Labeled cells were analyzed with a FACScan flow 
cytometer (BD) using CellQuest software (BD). Results are expressed as the 
percentage of positive cells and/or MFI values after subtraction of the MFI 
obtained with the isotype control antibody.

Western blot analysis. Cells were lysed in solution A (50 mM Tris-HCl, 
pH 7.8, 420 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40, 0.34 M sucrose, 
10% glycerol, 1 mM Na3VO4, 10 mM NaF and β-glycerophosphate, 1 mM 
PMSF, and protease inhibitor cocktail) as described previously (64). Pro-
teins resolved by SDS-PAGE were transferred onto a PVDF membrane and 
were detected with optimal dilutions of primary antibodies, followed by 
HRP-linked secondary antibodies. Primary antibodies used were from Cell 
Signaling Technology, except anti-VentX serum, which was generated in 
our laboratory.

RT-PCR. Total RNA was isolated by the TRIzol reagent, and an equal 
amount of RNA was used for first-strand cDNA synthesis with Super-
Script III First-Strand Synthesis System (Invitrogen) according to the 
manufacturer’s protocol. To amplify VentX cDNA with conventional 
PCR, we used the AccuPrime Taq DNA polymerase system (Invitrogen) 
following the manufacturer’s instructions. PCR products were sepa-
rated on 2% agarose gels and stained with ethidium bromide. GAPDH 
was used as an internal control. We performed quantitative measure-
ment of VentX and cytokine cDNA with SYBR Green on a LightCycler  
(480 Real-Time PCR System; Roche). The primers used are listed in 
Supplemental Table 1.

Cytokine measurements. Levels of IL-1β and TNF-α and IL-12p70 in the 
supernatants of E. coli LPS– (Sigma-Aldrich) and IFN-γ– treated (PeproTech)  
macrophage or LPS-treated U937 cells were quantified using ELISA kits 
obtained from eBiosciences. Analyses were conducted according to the 
manufacturer’s instructions.

Phagocytosis assay. Phagocytosis of cultured monocytes/macrophages 
or U937 cells was performed with pHrodo Staphylococcus aureus BioPar-
ticles conjugates from Invitrogen. Briefly, S. aureus particles were first 
sonicated to achieve a homogeneous solution and then opsonized for 
60 minutes at 37°C with opsonizing reagent obtained from Invitrogen 
(catalog S-2860). After the S. aureus particles were washed 3 times in 
PBS, they were resuspended to an appropriate concentration for phago-
cytosis assay. Cells (5 × 105) were incubated with 100 μl opsonized par-
ticles for 2 hours at 37°C. After extensive washings, cellular phagocyto-
sis of bioparticles was monitored by flow cytometry. Negative controls 
were also performed in parallel by incubating cells with particles on ice 
instead of at 37°C.

Detection of ROS and NO. The ROS level in activated macrophages was 
detected with Image-iT LIVE Green Reactive Oxygen Species Detection 
Kit (Invitrogen) basically following the manufacturer’s  instructions, 
except that the results were analyzed by both fluorescence microscopy 
and flow cytometry. The NO level was determined by Griess Reagent Kit 
for Nitrite Determination (Invitrogen) following the protocol provided 
by the manufacturer.

Cytostaining. For Wright-Giemsa staining, a staining kit from Sigma-
Aldrich was used according to the manufacturer’s instructions.

Mixed lymphocyte reaction.  Macrophages  were  generated  by  incubat-
ing CD14-beads isolated monocytes with 100 ng/ml M-CSF for 4 days. 
Macrophages were then transfected with siRNA against VentX or GFP, 
as described above. After 3 days of transfection, the cells were harvested, 
washed 3 times in PBS, and irradiated (50 Gy) before incubation with 
allogenic naive CD4+ T cells (105/well) for 7 days in 96-well flat-bottom 
microplates (Costar). Various numbers of irradiated macrophages were 
added as indicated. The cells were pulsed for the last 18 hours with 1 μCi 
[3H]thymidine to determine T cell proliferation.

Luciferase reporter assay. The 1.56-kb  fragment of  the  M-CSFR pro-
moter region was amplified with forward primer: 5′-GTTACGCGT-
GGGAAGCCAAGGTATGAGAATC-3′; and reverse primer: 5′-AAGCTC-
GAGCCTCGGTGGGGAAGTGGCAG-3′. The 2.8-kb fragment of the 
VENTX promoter region was amplified with forward primer: 5′-CAGCC-
GAGTCTCACTCTGTC-3′; and reverse primer: 5′-CAAAGCTGGAGA-
GCTGCTGC-3′. The PCR product was subsequently cloned into pGL3 
luciferase reporter. 500 ng reporter plasmid with 500 ng of pcDNA-
VentX plasmid or empty pcDNA vector were transfected into U937 cells 
or primary monocytes through electroporation. Renilla luciferase plas-
mid (10 ng) was included for each transfection to normalize reporter 
activity. Cells were harvested at 48 hours after transfection and analyzed 
with Dual-Luciferase Reporter Assay System (Promega).

Gel shift assay. VentX protein was generated with a in vitro translation 
kit (TNT Coupled Reticulocyte Lysate Systems, Promega). The pCS2-
VentX plasmid with SP6 promoter was used as template, and translated 
VentX protein was verified by Western blot analysis. Gel shift assay was 
performed with a fluorescence-based EMSA Kit from Invitrogen fol-
lowing the manufacturer’s instruction. The following double-stranded  

Figure 10
Effects of VentX on the mRNA level of additional genes implicated in 
macrophage activation. VentX expression in U937 cells and macro-
phages was modulated as described in Figure 9. The mRNA levels of 
indicated genes were determined by real-time PCR. *P < 0.05.
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oligonucleotides  were  used  in  the  experiments:  5′-CTGCGTCTC-
TAAAATAATAATAATAAATTTTTAAAAGATATGC-3′  (wild-type  
M-CSFR probe, putative homeodomain binding sequence is in bold and 
underlined); 5′-CTGCGTCTCTAAAATAAGAAGAATAAATTTTTA-
AAAGATATGC-3′ (mutant M-CSFR).

ChIP assay. U937 cell lines conditionally expressing GFP or GFP.VentX 
were employed to detect the potential interaction of VentX with M-CSFR, 
STAT1, and JUNB promoters. Cells were treated with 1.0 μg/ml DOX for 2 
days and harvested for ChIP assay. The ChIP procedure was performed with 
a kit from Upstate Biotechnology following the manufacturer’s instruc-
tions. The GFP antibody (Santa Cruz Biotechnology Inc.) was used for the 
immunoprecipitation. The M-CSFR promoter region containing a putative 
HDB was amplified with specific primers 5′-TAGAGATAACGTCAGATCT-
CAC-3′ and 5′-CAAAGAGAAGTTAGGTTGCATG-3′; the STAT1 promoter 
was amplified with primers 5′-TGACTGATGGAAAGGGGTGG-3′ and  
5′-GCCACCTGTTCTTGGGAGAT-3′; the JUNB promoter was amplified 

with primers 5′-GCTTACTAGCTTTCTGCATA-3′ and 5′-GGAGGGGAGA-
GATCAAAAGG-3′; the constant region of immunoglobulin M heavy chain 
gene (Cμ), which served as a negative control, was amplified with the fol-
lowing primers: 5′-AACCCTTTTCCCCCTCGTCT-3′ and 5′-AGCACCT-
GTGAGGTGGCTGC-3′. To detect whether VentX competes with Foxp1 
to bind to the M-CSFR promoter region, U937 cells were treated with  
1.0 μg/ml DOX for 2 days as described above, or primary monocytes were 
transfected by electroporation with siGFP or siVentX. Cell lysates were 
then immunoprecipitated with Foxp1 antibody (Cell Signaling Technol-
ogy), and the M-CSFR promoter region containing the Foxp1 binding site 
was amplified with primers 5′-GCTTTAGAAGGGCCCCAAAC-3′  and  
5′-CTACTAGCTCCGCAGGGATC-3′. All PCR products were separated on 
8% polyacrylamide gel and visualized by ethidium bromide staining.

Statistics. Data were analyzed using paired Student’s t test (2-tailed) 
and Wilcoxon rank-sum test. Differences with P value less than 0.05 were 
considered statistically significant.

Figure 11
VentX expression correlates with IL1B, IL6, and TNFA levels in SLE/RA patients. (A) Total RNA was isolated from peripheral blood leukocytes of 
SLE/RA patients. Quantitative measurements of mRNA levels of VENTX and the indicated cytokines were performed as described in Methods. 
Scatter distributions and regression lines (solid lines) of the mRNA levels of IL1B, IL6, and TNFA were plotted against VENTX mRNA level from all 
patients. Confidence intervals of 99% are indicated by the dashed arcs. The regression coefficients (r) were highly statistically significant as indicated.  
(B) Total RNA was purified from peripheral monocytes of SLE/RA patients. Scatter distributions and regression lines were plotted as above.
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