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Abstract
The zinc finger X-linked duplicated (ZXD) family of transcription factors has been implicated in
regulating transcription of major histocompatibility complex class II genes in antigen presenting
cells; roles beyond this function are not yet known. The expression of one gene in this family,
ZXD family zinc finger C (ZXDC), is enriched in myeloid lineages and therefore we hypothesized
that ZXDC may regulate myeloid-specific gene expression. Here we demonstrate that ZXDC
regulates genes involved in myeloid cell differentiation and inflammation. Overexpression of the
larger isoform of ZXDC, ZXDC1, activates expression of monocyte-specific markers of
differentiation and synergizes with phorbol 12-myristate 13-acetate (which causes differentiation)
in the human leukemic monoblast cell line U937. To identify additional gene targets of ZXDC1,
we performed gene expression profiling which revealed multiple inflammatory gene clusters
regulated by ZXDC1. Using a combination of approaches we show that ZXDC1 activates
transcription of a gene within one of the regulated clusters, chemokine (C-C motif) ligand 2
(CCL2; monocyte chemoattractant protein 1; MCP1) via a previously defined distal regulatory
element. Further, ZXDC1-dependent up-regulation of the gene involves eviction of the
transcriptional repressor B-cell CLL/lymphoma 6 (BCL6), a factor known to be important in
resolving inflammatory responses, from this region of the promoter. Collectively, our data show
that ZXDC1 is a regulator in the process of myeloid function and that ZXDC1 is responsible for
Ccl2 gene de-repression by BCL6.
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1. Introduction
Innate immunity relies upon the timely and highly regulated expression of cytokines to alert
and attract sentinel leukocytes to sites of pathogenic breaching, wound healing and
inflammation. The recruitment of monocytes and granulocytes to areas of inflammation is
mediated, in large part, by the activated expression of chemokines by cells residing at
inflammatory foci. Furthermore, exposure of leukocytes to cytokines results in the induction
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or repression of a large number of genes associated with inflammation (Le et al., 2004).
Defective innate immune response regulation, whereby cytokine signaling is either
unprovoked or prolonged, underlies inflammatory disease (Theofilopoulos et al., 2010).

Chemokine (C-C motif) ligand 2 [CCL2; also referred to as monocyte chemoattractant
protein 1 (MCP-1)] plays a decisive role in recruiting monocytes to sites of inflammation
(Rahimi et al., 1995; Rollins et al., 1991). Transcription of CCL2 is controlled by an array of
cis-acting elements which are bound by transcription factors in both a cell type- and stimuli-
specific manner. These regulatory elements are clustered within two control regions: a
200bp proximal regulatory region (PRR) near the transcriptional start site and the distal
regulatory region (DRR), located approximately 2.6 kbp upstream of the transcriptional start
site (Ping et al., 1996; Ueda et al., 1994). The PRR is indispensable for transcription and
harbors binding sites for Sp1 and NF-κB that become occupied in response to tumor
necrosis factor alpha (TNFα) stimulation (Boekhoudt et al., 2003; Martin et al., 1997; Ping
et al., 1999; Ping et al., 1996; Ueda et al., 1994). In addition, an AP-1 site
(tetradecanoylphorbol acetate responsive element; TRE) in the PRR mediates transcription
activated by diverse stimuli (Martin et al., 1997; Shyy et al., 1995). Full activation of Ccl2
transcription requires the DRR, which also contains NF-κB (Boekhoudt et al., 2003;
Teferedegne et al., 2006) and AP-1 sites (Cho et al., 2002; Freter et al., 1995). NF-κB bound
to the DRR recruits CBP/p300, which catalyzes histone acetylation across the DRR-PRR
region and facilitates binding of Sp1 and NF-κB to the PRR (Boekhoudt et al., 2003). Direct
communication between the PRR and DRR occurs through looping mediated by NF-κB,
Sp1 and CBP/p300 and this event precedes association of co-activator associated arginine
methyltransferase 1 (CARM1), a co-activator necessary for Ccl2 activation (Covic et al.,
2005; Teferedegne et al., 2006).

CCL2 transcription is also subject to repression by B-cell/CLL lymphoma 6 (BCL6), a BTB/
POZ (Bric-brac, Tramtrack, Broad complex/Poxvirus zinc finger) family transcription factor
that is critical for germinal center (GC) formation (Dent et al., 1997). Interestingly, BCL6−/−

mice not only display defects in GC formation and high-affinity antibody production, but
also demonstrate severe, widespread inflammation (Dent et al., 1997; Ye et al., 1997). These
observations led to the finding that BCL6 regulates cytokine production in multiple cell
types, particularly macrophages (Toney et al., 2000). In macrophages, BCL6 interacts with
DNA elements that are often within nucleosomal distance of enhancers occupied by NF-κB
(p65) during LPS activation. In a majority of cases, occupancy of BCL6 and p65 is mutually
exclusive, suggesting that these factors form opposing cistromes (Barish et al., 2010). BCL6
and p65 antagonistically regulate a long list of genes including Ccl2 as well as other genes
within the Ccl locus on mouse chromosome 11. Repression by BCL6 is primarily via direct
or indirect recruitment of multiple histone deacetylase (Barish et al., 2012; Dhordain et al.,
1997; Huynh and Bardwell, 1998; Huynh et al., 2000; Lemercier et al., 2002)

We identified a transcription factor, ZXD family zinc finger C (ZXDC) that, along with its
family member ZXDA, forms a complex with the class II trans-activator (CIITA), an
interaction necessary for robust activation of MHC class II genes by CIITA (Al-Kandari et
al., 2007b). Outside of the zinc finger region, the ZXD proteins show little homology with
other transcription factors and besides their role in MHC class II transcription, nothing is
known about their function.

In this study we demonstrate that ZXDC regulates transcription of key genes during myeloid
cell differentiation and the inflammatory response elicited by AP-1 activation by phorbol
12-myristate 13-acetate (PMA). Knockdown and over-expression of the largest ZXDC
isoform, ZXDC1, in U937 cells affected their macrophage-like differentiation in a manner
that indicates ZXDC contributes to the differentiation program. Gene expression profiling
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demonstrated that ZXDC1 manipulation affects genes associated with differentiation and
inflammation, including the chemokine CCL2. We found that over-expression of ZXDC1
leads to increased CCL2 mRNA levels, an effect that requires the DRR of the CCL2
promoter. This increase in CCL2 mRNA results from ZXDC1 binding to and inhibiting
BCL6 function; knockdown of ZXDC1 lead to greater occupancy of the CCL2 promoter by
BCL6. Overall, our data support a model whereby ZXDC1 supports lineage-specific and
inflammatory gene expression through a mechanism that, at least in part, involves
alleviating BCL6-mediated transcriptional repression of inflammatory genes.

2. Materials and methods
2.1. Cell Culture and Reagents

Cell lines U937 [American Type Culture Collection (ATCC): CRL-1593.2] and Raji
(ATCC: CCL-86) were maintained in RPMI 1640 (Mediatech, Inc., Manassas, VA)
containing 10% FBS (Atlanta Biologicals, Inc., Lawrenceville, GA) and 100 U/mL
penicillin and 100 ug/mL streptomycin (Life Technologies, Inc. Carlsbad, CA) at 37°C, 5%
CO2. HEK293 cells (ATCC: CRL-1573) and HEK293T (Thermo Fisher Scientific, Inc.,
Waltham, MA) were cultured in DMEM supplemented as above. Differentiating agent
phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich, Inc., St. Louis, MO) and prepared
as a 1000× solution in dimethylsulfoxide (DMSO). For differentiation of U937, cells were
plated at densities of 1×105 cells/mL for treatment with vehicle (Veh, 0.1% DMSO), 4 ×105

cells/mL for treatment with PMA (100 nM). Cells were allowed to differentiate for various
times as indicated in figure legends.

2.2. Plasmids
The ZXDC1, ZXDC2 and BCL6 open reading frames were subcloned into the lentiviral
expression plasmid pCDH-MSCV-MCS-EF1-GFP-Puro (referred to herein as pCDH;
System Biosciences, Inc., Mountain View, CA). The source clones were as follows:
ZXDC1, pCMV-Sport6-ZXDC1 (GenBank accession no. AL553476; Life Technologies,
Inc.); BCL6, pCMV-Sport6-BCL6 (IMAGE clone 40148809; Thermo Fisher Scientific,
Inc.); ZXDC2, pCMV-Sport6-ZXDC2 was generated by subcloning the BglII-NotI fragment
of pCMV ZXDC2.2 [IMAGE clone ID 39655, (Aleksandrova et al., 2009)] into pCMV-
Sport6-ZXDC1. N-terminal FLAG-tagged ZXDC1 was constructed in plasmid pCDNA3
into which the coding sequence for an N-terminal 3×FLAG epitope had been inserted.
Hemaglutinin (HA)-tagged BCL6 constructs were a kind gift of R. Dalla-Favera
(Bereshchenko et al., 2002; Chang et al., 1996). A doxycycline inducible microRNA-
adapted shRNA (shRNAmir) construct specific for ZXDC (pTRIPZ clone ID:
V3THS-381738), in addition to a non-silencing control construct (pGIPZ plasmid backbone)
was purchased from a commercial supplier (Expression Arrest™ TRIPZ lentiviral
shRNAmir; Thermo Fisher Scientific, Inc.). The non-silencing control shRNAmir was sub-
cloned into pTRIPZ according to the manufacturer’s instructions. Short-hairpin RNA
(shRNA) directed against human ZXDC1 (NCBI accession: NM_025112) were cloned into
plasmid pGreenPuro (System Biosciences, Inc.) according to the manufacturer’s
instructions. A shRNA directed against firefly luciferase was supplied by the manufacturer
and used as a negative control. Sequences of shRNA can be found in Supplemental Table 1.
Reporter plasmids were generated by PCR-mediated subcloning of genomic Ccl2 sequence,
limited by the given coordinates, into the MluI- KpnI sites of pCMV-Gluc (New England
Biolabs, Inc.). Deletion constructs were made by restriction digest and re-ligation at the
given coordinates.
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2.3. Whole Cell Extraction
For preparation of protein lysates, U937 cells were harvested, washed once in ice-cold
phosphate buffered saline and resuspended in Lysis Buffer [25 mM Tris-HCl pH 7.5, 0.5%
SDS, 0.5 mM EDTA, 1X Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific, Inc.)
and 50 Units/mL Benzonase (Novagen/EM4D Biosciences, San Diego, CA)]. Lysates were
incubated on ice for 10 minutes and centrifuged at 20,000g, 4°C, 10 minutes to remove
insoluble material. Lysates were assayed for total protein concentration using the Bio-Rad
Protein Assay Reagent (Bio-Rad Laboratories, Inc., Hercules, CA) according to
manufacturer’s instruction, with bovine serum albumin (Sigma-Aldrich, Inc.) dissolved in
Lysis Buffer as a standard.

2.4. Lentivirus Production and Transduction
Lentiviral particle packaging was performed as described (Marino et al., 2003), with the
following modifications. HEK293T cells were seeded at a density of 6.5×106 cells per 15
cm dish in DMEM media 24 hours prior to transfection. For packaging of 2nd generation
lentiviral particles, 25 μg of expression plasmid (either pGreenPuro:shRNA or pCDH, 10 μg
envelope plasmid pMD2.g (Addgene plasmid 12259, deposited by D. Trono) and 15 μg
packaging plasmid psPAX2 (Addgene plasmid 12260, deposited by D. Trono) (Naldini et
al., 1996) were transfected via calcium phosphate precipitation. Packaging of third
generation vectors was performed essentially as described above, however, 20 μg
pTRIPZ:shRNAmir, 10 μg pMD2.g and 10 μg each packaging plasmids pMDLg/pRRE and
pRSV-Rev [Addgene plasmids 12251 and 12253, respectively (Dull et al., 1998)] were used.
Media was replaced 4 hours post-transfection. Approximately 16 hours post-transfection,
caffeine was added to the media to a final concentration of 4 mM (Ellis et al., 2011).
Lentiviral particles were harvested 48 hours post-transfection, filtered and centrifuged at
30,000g, 15°C, for two hours. Pelleted lentiviral particles were resuspended in RPMI 1640
and stored at −80°C. Titers of pCDH- and pGreenPuro-derived vectors were determined by
transducing 50,000 U937 in 0.5 mL growth media in 24 well plates with various dilutions of
lentiviral supernatant and measuring the percentage of GFP positive cells by flow cytometry
(Becton-Dickinson LSRII) 48 hours post transduction.

Transduction of U937 for stable ZXDC1/2 overexpression or knockdown was performed by
adding concentrated lentivirus to 1×106 cells at a multiplicity of infection (MOI) of 10 and
allowing infection to proceed 24 hours under normal incubation conditions. Cells were
washed with growth media and re-plated at a density of 1.5×105 cells/mL to expand for 3
days. Stable transduction with pTRIPZ-derived lentiviral constructs were performed
essentially the same way. After 3 days of recuperation, positively transduced cells were
selected by treatment with 1 μg/mL puromycin (InvivoGen, Inc., San Diego, CA), until
viability returned to >90% (approximately 1–2 weeks). Stable polyclonal cell lines were
maintained in 0.5 mg/mL puromycin. For inducible knockdown, cells were plated at a
density of 1×105 cell/mL in standard growth media and treated with 0.5 μg/mL freshly
prepared doxycycline in Dulbecco’s PBS (doxycycline hyclate; MP Biomedical, LLC).
Doxycycline was supplemented again after 24 hours. After 48 hours of doxycycline
treatment, cells were re-plated at a density of 1×105 cell/mL for vehicle treatment, or 4×105

cell/mL for PMA treatment (100 nM) and allowed to differentiate for 72 h. Doxycycline was
supplemented at the time of vehicle or PMA treatment and again 24 hours later.

2.5. Generation of stable Ccl2 promoter reporter cell lines
U937 were electroporated with 5 μg of pCcl2-GLuc reporter plasmids, linearized with PstI
(New England Biolabs) using InGenio Electroporation solution (Mirus Bio, LLC, Madison,
WI) according to the manufacturer’s recommendations. Briefly, 2.5×106 cells were
resuspended in 250 μL of solution, placed in a 4 mm electroporation cuvette (BioSmith,
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Inc., San Diego, CA) to which the linearized plasmid, in a volume of 12.5 μL, was added.
The cells were electroporated in a Bio-Rad GenePulser Xcell (Bio-Rad Laboratories, Inc.)
by applying a single pulse (exponential decay, 960 μF, 250 V). Cells were immediately
removed from the cuvette and placed in 3 mL of growth media and allowed to recover for 48
hours prior to re-plating and selection with 0.8 mg/mL G418. Once highly viable, stable,
polyclonal cell lines were established, cultures were maintained in 0.4 mg/mL G418.

2.6. Stable cell line reporter assays
Stable reporter cell lines were transduced with lentivirus at a MOI of 10 in triplicate and
allowed to expand for 72 hours. As indicated in the results, mixtures of various lentiviral
particles were sometimes used. Gaussia luciferase expression was measured with the
BioLux Gaussia Luciferase Assay Kit (New England Biolabs, Inc.) using a 20/20n

luminometer (Turner Biosystems, Inc.). Cells were counted by trypan blue exclusion with
the Countess Automated Cell Counter (Life Technologies, Inc.). The high MOI ensured that
essentially 100% of the cells in each culture were transduced and it was assumed that each
individual cell in the culture contributed approximately equal amounts of luciferase activity.
Reporter expression was then calculated as the relative luciferase activity of each culture
divided by the number of cells in that particular culture. Relative reporter expression was
then normalized to controls.

2.7. Detection of Cell Surface Markers by Flow Cytometry
Approximately 2×106 cells were harvested and washed with ice-cold Buffer A (phosphate-
buffered saline (PBS) with 2 mM EDTA and 5 mg/mL BSA) and resuspended in 100 μL
Buffer A plus 10% Human FcR Blocking Reagent (Miltenyi Biotec, Bergisch Gladbach,
Germany). The following antibodies (BioLegend, Inc., San Diego, CA) were used: APC
conjugated mouse-anti human CD11b, APC-Cy7 conjugated mouse-anti human CD14. Cells
were washed and resuspended in 200 μL Buffer A, with 10 μM DAPI added just prior to
flow cytometric analysis on a BD Biosciences LSR-II bench-top flow cytometer, located in
the University of Kansas Medical Center Flow Cytometry Core Laboratory. Non-
transduced, high viability cells were used to determine gate positions for viability (DAPI)
and GFP positivity.

2.8 Gene Expression Analyses
2.8.1. Gene Expression Profiling by Microarray Analysis—Gene profiling was
carried out at the Kansas University School of Medicine Microarray Facility. Total RNA
was purified from test samples (U937 ± Dox, ± PMA) using the RNeasy MicroKit (Qiagen,
Inc.). The concentration and purity of total RNA was assessed with an Agilent Bioanalyzer.
Biotinylated cRNA was synthesized from the RNA and hybridized to high density
Affymetrix human GeneChips HG-U133 Plus 2.0 (Affymetrix, Inc., Santa Clara, CA).
Preliminary data analysis was performed using the AltAnalyze software suite to perform
statistical analyses and generate log2 fold expression values normalized to on-plate controls
(Emig et al., 2010). Log2 values were imported and analysed with Mayday to generate
relative expression heatmaps (Battke et al., 2010). Gene ontology (GO) term association
analysis was performed by obtaining a probeset displaying greater than 2-fold activation
upon PMA treatment and a degree of impairment less than −1.3 (where impairment is the
fold expression difference between the PMA treated sample and the PMA+Dox treated
sample, a negative value indicates reduced expression; a total of 182 probes were obtained
using these filters) and submitting the probelist to the Database for Annotation,
Visualization and Integrated Discovery (DAVID) web-based server (Huang da et al., 2009a;
Huang da et al., 2009b; Huang da et al., 2009c). Data were deposited in the NCBI GEO
database (accession GSE45417).
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2.8.2. Quantitative Real Time Reverse Transcriptase PCR (qRT-PCR)—Total
RNA was isolated using TRIZOL reagent (Sigma-Aldrich, Inc.) according to the
manufacturer’s instruction and quantitated. For cDNA synthesis, 0.5 μg total RNA was
reverse transcribed with the Verso cDNA kit RT-PCR system according to the
manufacturer’s protocol (Thermo Scientific, Inc.). 1 μL of the reverse transcription reaction
was combined with appropriate primers (Supplemental Table I) and qPCR reaction mix
(Maxima SYBR Green/Fluorescein qPCR reagent, Thermo Scientific, Inc.). The reactions
were carried out in an iCycler real-time thermal cycler equipped with a MyiQ single color
real time PCR detection system (Bio-Rad Laboratories, Inc.). Each primer pair was
optimized to verify specificity, by melting curve analysis and to ensure efficiency was
>95%. Accordingly, data were then analyzed by the 2−ΔΔCt method as described (Livak and
Schmittgen, 2001).

2.9. Chromatin immunoprecipitation
Purification of chromatin and chromatin immunoprecipitation was performed essentially as
described (Carey et al., 2009). Sonication of 2×107 U937 cells per ml of nuclear lysis buffer
(Carey et al., 2009) was conducted with a Microson XL Sonicator (Misonix, Inc.) 20 × 20
second bursts, setting 5. For all ChIP reactions, 5 μg of antibody was used. Protein-A/G
magnetic beads (New England Biolabs, Inc.) were used to collect immune-complexes. DNA
was purified from eluted chromatin with the Gel/PCR DNA Fragment Purification Kit (IBI
Scientific, Inc.). For ChIP the following antibodies were used: anti-ZXDC directed against
the N-terminus (Al-Kandari et al., 2007a), mouse anti-human BCL6 (IG191E/A8;
BioLegend, Inc.) and control normal rabbit IgG (Cell Signaling, Inc.). Co-
immunoprecipitated DNA was quantified by real time PCR. Primers used in the real time
PCR reactions are listed Supplemental Table I.

2.10. Transfection, co-immunoprecipitation and Western blotting
Co-IPs and Western blot were performed as previously described (Al-Kandari et al., 2007b).
Co-IPs of endogenous ZXDC1 and BCL6 proteins were performed with Raji cell extracts
whereas all co-immunoprecipitations involving exogenously expressed proteins were carried
out in HEK293 cells transfected with 2 μg total plasmid using Turbofect Reagent
(Fermentas, Inc.) according to manufacturer’s instructions. Antibodies against FLAG tag
(M2; Sigma-Aldrich, Inc.) and HA tag (clone 12CA5; Roche Applied Science, Inc.,
Indianapolis, IN) were used for IP and Western blot. Detection was carried out using the
ECL-Plus Reagent (GE Healthcare, Inc., Piscataway, NJ) and visualized using a Typhoon
Variable Mode Imager (GE Healthcare, Inc.).

2.11. Confocal Microscopy
Approximately 4×104 U937 were washed with phosphate buffered saline and affixed to
glass microscope slides via cytospin centrifugation at 400 rpm for 3 minutes (Shandon
Cytospin 3, Thermo Scientific, Inc.). Cells were fixed with 2% paraformaldehyde in PBS for
15 minutes at room temperature, permeabilized with 1% Triton X-100 in PBS for 15
minutes and blocked with PBS + 10% normal goat serum for 1 hour at 37°C. Slides were
incubated with primary antibody solutions (5 μg/mL in PBS + 1% normal goat serum) for
16h at 4°C, followed by incubation with secondary antibody solutions (1 μg/mL in PBS +
1% normal goat serum). For co-localization studies the following antibodies were used: anti-
ZXDC directed against the N-terminus (Al-Kandari et al., 2007a), mouse anti-human BCL6
(IG191E/A8; BioLegend, Inc.), goat anti-mouse IgG-FITC (Life Technologies, Inc.) and
goat-anti rabbit IgG-Cy5 (GeneTex, Inc., San Antonio, Tx). Slides were mounted with
SlowFade Gold anti-fade reagent with DAPI mounting media (Life Technologies, Inc.) and
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cover-slipped. Samples were analyzed on a Leica TCS SPE confocal fluorescent microscope
(University of Kansas Confocal Imaging Facility).

3. Results
3.1. Expression of ZXDC protein declines following differentiation of U937 cells with PMA

We originally identified the ZXDC cDNA by yeast two-hybrid with the class II trans-
activator (CIITA) as bait (Al-Kandari et al., 2007a) and subsequently demonstrated that
ZXDC forms a heterodimer with co-family member ZXDA, which is necessary for robust
transcription of MHC class II genes (Al-Kandari et al., 2007b). ZXDC is ubiquitously
expressed, though it has relatively higher expression in cells of the hematopoietic lineage.
Analysis of published gene expression profiles indicates ZXDC expression is enriched in
cells of the myeloid lineage and in particular, is highly expressed in granulocytes (Benita et
al., 2010; Payton et al., 2009). Expression is relatively lower in cells of monocytic lineage
and in cells at earlier stages of differentiation.

To assess expression of ZXDC in a model of monocyte differentiation, we treated U937
cells with phorbol 12-myristate 13-acetate (PMA) and measured ZXDC protein levels by
Western blot. Using an antibody raised against the N-terminus of the two major ZXDC
isoforms (Al-Kandari et al., 2007a) we observed two immunoreactive species that are
differentially expressed during a 72h PMA treatment time course (Figure 1A). The observed
ZXDC2 isoform with an apparent molecular mass (Mapp) of approximately 95 kDa
(predicted M = 74.8 kDa) arises through transcriptional termination within the seventh
intron in contrast to ZXDC1 (Mapp ~130 kDa, predicted M = 91 kDa) which terminates in
exon eleven (Figure 1B). The sumoylated form of ZXDC1 (upper band) was also detected
(Jambunathan and Fontes, 2007). Differentiation of U937 resulted in reduced expression of
ZXDC1 protein levels with no significant change in ZXDC2 levels, as assessed by western
blot and subsequent densitometry analysis (Fig. 1C), results that were mirrored at the mRNA
level, as determined by qRT-PCR (Figure 1D).

3.2. Forced expression of ZXDC1 enhances differentiation of U937
To test if ZXDC isoforms influence U937 differentiation, we forced expression of ZXDC
isoforms in U937 cells by lentiviral transduction (Supplemental Figure 1A). We then
measured markers of differentiation by flow cytometry of transduced (GFP positive) cells.
Overexpression of ZXDC1 resulted in a significant increase in surface expression of CD11b
(a common myeloid marker) and CD14 (a marker of monocyte/macrophage differentiation)
when compared to cells transduced with a control lentiviral construct (Figure 2A,D).
ZXDC2 overexpression showed only a slight effect on CD11b surface expression in the un-
induced state (Figure 2B,D.

Treatment of cells with PMA for 72h caused an increase in surface expression of CD11b and
CD14, which was augmented by overexpression of ZXDC1 (Figure 2A,D), but not ZXDC2
(Figure 2B,C). This result is consistent with the notion that ZXDC1 aids in the process of
macrophage differentiation. The decline in ZXDC1 expression we observed (Figure 1)
perhaps represents aberrant regulation of the gene in U937 which may contribute to the
cells’ inability to fully differentiate (Harris and Ralph, 1985). Interestingly, additional
phenotypic changes typical of macrophage differentiation were not readily detectable in
ZXDC1 and ZXDC2 overexpressing cells compared to controls. For example, Giemsa-
Wright stained cytospin preparations of ZXDC1 and ZXDC2 overexpressing cells were
morphologically indistinguishable from parallel control cell preparations, as was phagocytic
NADPH-oxidase (nitro blue-tetrazolium reduction) activity (data not shown).
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To assess the effects of ZXDC isoform knockdown on differentiation, we generated
lentiviral vectors that express shRNA targeted to both ZXDC isoforms and performed short-
term lentiviral transduction of U937. Through this method, we obtained greater than 50%
reduction of both isoforms, as assessed by qRT-PCR and Western blot (Supplemental Figure
1B,C). Reduced ZXDC1/2 expression resulted in a negligible change in un-induced
expression of CD11b and CD14, however a significant decrease of marker expression was
observed upon PMA-induced differentiation (Figure, E). A cell line with inducible
knockdown of ZXDC1 and ZXDC2 with a shRNAmir targeted to a different location
showed similar, albeit more modest results (Supplemental Figure 2A). Additionally,
knockdown of ZXDC1/2 in HL60, an alternative model of monocytic differentiation, also
resulted in restricted marker expression in response to a differentiating agent
(Supplementary Figure 2B). Together, these results show that down-regulation of ZXDC1
and ZXDC2 is not necessary for the PMA-induced differentiation program to proceed, as
might be presumed based on the results presented in Figure 1B. Instead, forced ZXDC1
expression actually augmented marker expression in un-induced and induced cells, while
knockdown of both isoforms restricted marker expression.

3.3. ZXDC1 regulates expression of genes within the chemokine (C-C motif) locus in U937
cells

In order to identify gene targets of ZXDC during the course of U937 differentiation we
analyzed the global gene expression profile of U937 undergoing PMA-induced
differentiation, with and without knockdown of ZXDC expression. Total cellular RNA was
harvested from U937 stably harboring inducible shRNA targeting ZXDC1/2, that were
treated with either vehicle alone (control), PMA alone, doxycycline alone (to induce the
shRNA) or PMA and doxycycline. We performed gene expression profiling by microarray
on these RNAs.

We sought to identify genes that were activated by PMA, but displayed reduced activation
upon ZXDC1/2 knockdown. To do this, we first trimmed the global dataset to include only
probes that exhibited statistically significant changes in expression upon PMA treatment
(Figure 3A). Of these 19,793 probes, 9,689 displayed significant up-regulation. To identify
genes whose expression is governed by ZXDC during PMA-induced activation, we then
plotted Log2-transformed relative expression data for PMA treated cells versus that of PMA
plus ZXDC knockdown cells (Figure 3B). Those probes that significantly deviated from
unity in this plot were considered to be likely candidates for regulation by ZXDC. However,
to identify genes activated by ZXDC, we then included only probes that displayed impaired
expression upon ZXDC1 knockdown, or negative deviation from unity in this plot. To
narrow our list of candidate genes activated by ZXDC, we selected only those probes
exhibiting impaired expression greater than three times the root mean square deviation
(3×RMSD < −0.452) of all 9,689 probes included in the analysis, greater than 4-fold
activation by PMA and assignments to annotated genes. These criteria narrowed the list of
candidate probes to 41 (Figure 3C) representing 33 genes. The redundancy of probe
coverage from several genes suggests that they may be bona fide targets of ZXDC1.

Gene ontology (GO) analysis of ZXDC-sensitive, PMA-inducible genes was performed to
identify cellular pathways in which ZXDC might be involved (Table 1). There was
significant enrichment for genes associated with monocyte functional maturation (“immune/
inflammatory response”, “locomotory behavior” and “chemotaxis/taxis). Within the GO
“chemotaxis/taxis” gene grouping were several genes within the chemokine (C-C motif)
ligand (CCL) gene locus on chromosome 17 (Figure 3C). We decided to determine if
ZXDC1 directly regulates one of the target genes within this locus, Ccl2.
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3.4. Manipulation of ZXDC1 expression influences CCL2 gene expression
Overexpression of ZXDC1 in U937 cells by lentiviral transduction resulted in a significant
upregulation of CCL2 mRNA, 15 fold greater than cells transduced with control lentivirus
expressing Cypridina luciferase (Figure 4A). Addition of PMA showed a significant
synergistic effect (approximately 6 fold over PMA-treated control; Figure 4A).
Overexpression of ZXDC2 resulted in no significant increases in CCL2 expression,
regardless of treatment (Figure 4A). As expected, the effect of stable knockdown of ZXDC
was opposite: knockdown of ZXDC restricted baseline expression of CCL2 only modestly,
however it significantly restricted PMA induction (Figure 4B). Taken together, these results
confirm what was detected by microarray, that ZXDC1 regulates CCL2 expression.

3.5. Over-expression of ZXDC1 activates a reporter construct containing a BCL6-
responsive distal regulatory region of the Ccl2 promoter

In order to identify a region of the Ccl2 promoter responsive to ZXDC1, we generated
reporter constructs derived from a well-characterized portion of the Ccl2 promoter (Figure
5A). Preliminary attempts to perform transient co-transfection in several human cell lines
(U937, HEK-293, HeLa and A549) showed either very low promoter activity or no
responsiveness to ZXDC1 overexpression (data not presented). We found, however, that a
U937-derived cell line harboring stably integrated reporter construct containing the Ccl2
promoter from −3158 to +73 (relative to the transcriptional start site) was activated by over-
expression of ZXDC1 (Figure 5A,B). We generated serial deletions of the Ccl2 promoter
(Figure 5A) and mapped the ZXDC-responsive region to −3158/−2154, a sequence that
contains the previously described “distal response region” (DRR) (Ping et al., 1999; Ping et
al., 1996). We were unable to demonstrate binding of ZXDC1 anywhere within 10 kb of the
transcriptional start site by chromatin immunoprecipitation (data not shown). While this may
simply be due to technical issues, it raised the possibility that ZXDC1 may regulate Ccl2
expression through a mechanism other than direct binding to the gene’s promoter DNA.
Furthermore, we noted that the full −3158/+73 promoter was not responsive to PMA
treatment (data not shown). Previous reports have shown that full activation of Ccl2 by AP-1
proteins activated by interleukin-1 induction is dependent upon TRE sequences located in
the far 3′ region of the human Ccl2 gene (Wolter et al., 2008). Our result suggests that
synergistic activation of the endogenous Ccl2 gene obtained by ZXDC1 overexpression and
AP-1 activation (Figure 4A) requires these far 3′ sequence elements.

It has been reported that BCL6 represses Ccl2 in human (Seto et al., 2011) and mouse cells
(Barish et al., 2010; Toney et al., 2000). We hypothesized that at least part of the mechanism
by which ZXDC1 regulates Ccl2 may be through interference with this repressive
mechanism. We first verified that BCL6 repressed our Ccl2 promoter-reporter U937 cell
lines by over-expressing BCL6 via lentiviral transduction. Over-expression of BCL6 in the
U937 cell line containing the Ccl2 promoter (−3158/+73) reporter resulted in reduced
expression from the integrated reporter (Figure 5C). Repression of the Ccl2 reporter by
BCL6 required the same region (−3158/−2154) as was necessary for activation by ZXDC1
(Figure 5C). Co-transduction of increasing amounts of ZXDC1 with BCL6 reversed
repression of the Ccl2 reporter by BCL6 in a dose-dependent manner (Figure 5D). Together,
these results support a model where ZXDC1 reverses or prevents transcriptional repression
of Ccl2 by BCL6.

The antagonism observed between ZXDC1 and BCL6 with regard to Ccl2 reporter
expression raises the question of whether ZXDC1 and/or PMA treatment influences BCL6
levels in U937 cells. Analysis of BCL6 transcript levels by gene expression microarray
shows that BCL6 does not respond to inducible ZXDC1/2 knockdown, but is up regulated in
response to 72h PMA treatment (refer to NCBI GEO accession GSE45417). We verified
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these results by qRT-PCR and found that BCL6 gene expression increases over a 72 hour
timeframe in response to PMA treatment (Supplementary Figure 3A), and that stable
knockdown of ZXDC1/2 had no significant effect of BCL6 transcript levels after 72 hours
of PMA treatment (Supplementary figure 3B). Surprisingly, as determined by western blot,
BCL6 protein levels remain relatively constant throughout the PMA treatment
(Supplementary Figure 3C,D). These results suggest that antagonism between ZXDC1 and
BCL6 occurs at the level of protein-protein interaction.

3.6. ZXDC1 and BCL6 proteins interact via the zinc finger domain of BCL6
Based on our observation that BCL6-mediated repression of a Ccl2 reporter could be
reversed by co-expression of ZXDC1, we hypothesized that the two proteins may directly
interact. To test this possibility we performed co-immunoprecipitation using lysates from
Raji Burkitt’s lymphoma cell line. Immunoprecipitation (IP) of ZXDC1 with N-terminus-
targeted anti-ZXDC resulted in co-purification of BCL6, as detected by Western blot with
anti-BCL6 antibody (Figure 6A). BLC6 was not detected in preparations
immunoprecipitated with IgG (Figure 6A).

BCL6 possesses POZ (Poxvirus zinc finger) and PEST (enriched in proline (P), glutamic
acid (E), serine (S) and threonine(T)) domains that are responsible for transcriptional
repression (Bereshchenko et al., 2002; Chang et al., 1996). DNA binding (Mascle et al.,
2003) and histone deacetylase (HDAC) recruitment occurs via the zinc finger (ZF) domain
of BCL6 (Lemercier et al., 2002). To identify the domains of BCL6 involved in ZXDC1
interactions, we performed co-transfection of 3XFLAG-ZXDC1 with hemagglutinin (HA)-
tagged BCL6 domain constructs (Figure 6B) in HEK293 cells, followed by
immunoprecipitation and Western blot. As can be seen in Figure 6C, only the deletion of the
zinc finger domain of BCL6 (HA-BCL6ΔZF) resulted in a significant reduction of BCL6
binding to ZXDC1. ZXDC1 also bound a peptide containing only the zinc fingers of BCL6
(HA-BCL6-ZF only; Figure 6C). The binding of ZXDC1 to this region suggests that
ZXDC1 may interfere with DNA binding (Mascle et al., 2003) and/or HDAC recruitment
(Lemercier et al., 2002) by BCL6.

3.7. Loss of ZXDC function promotes increased BCL6 occupancy of the Ccl2 promoter
After activation, BCL6 reestablishes repression of Ccl2 gene expression by binding to
specific promoter sequences and recruiting HDACs to restore repressive histone signatures
(Barish et al., 2010; Seto et al., 2011); we hypothesized that ZXDC1 may evict BCL6 from
these elements resulting thereby enabling increased expression of CCL2. Chromatin
immunoprecipitation of BCL6 coupled with massively parallel sequencing (ChIP-Seq) using
mouse bone marrow derived macrophages revealed that BCL6 interacts with a distal
element (−12.7 kbp) to achieve repression (Barish et al., 2010). In our model system, we
mapped repression of CCL2 by BCL6 to −3158/−2154 of the Ccl2 promoter. Inspection of
the nucleotide sequences in that region revealed a potential BCL6 binding site, matching the
consensus 5′-CTTCCT(A/G)GAA-3′ (Figure 7A). We performed ChIP with anti-BCL6 and
detected weak occupancy of this site (“−3kb enhancer”) in the uninduced state but not a
sequence ~3kb upstream (“control region”; Figure 7B). Surprisingly, knockdown of
ZXDC1/2 by lentiviral shRNA transduction led to negligible changes in occupancy of the
−3kbp enhancer (Figure 7B). Importantly, BCL6 occupancy was much higher following
PMA induction in the presence of ZXDC1/2 knockdown than in cell expressing a control
shRNA (Figure 7B). This result agrees with our observation that knockdown of ZXDC1/2
reduced PMA induction of CCL2 by approximately 60% (Figure 4B).

In order to address the apparent lack of BCL6 occupancy observed at the −3kb enhancer
both before and after 72h of PMA activation, we examined BCL6 occupancy of this element
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over a 72 hour time course and how occupancy corresponded to Ccl2 expression. Similar to
what was observed in Figure 7B, we found that in the un-induced state, BCL6 does not
constitutively occupy the enhancer at high levels (Figure 7C). Upon PMA stimulation,
however, BCL6 interaction with the enhancer increases in a manner parallel to
transcriptional activation of the Ccl2 gene (Figure 7C, D), peaking at 24 hours post
induction. Expression of Ccl2 and BCL6 occupancy similarly decline at 48 and 72 hours
post induction. The results of this analysis support a model by which BCL6 maintains the
repressed state prior to PMA stimulation by maintaining repressive histone signatures
through low-level interactions with the enhancer, and restores the repressed state after PMA
stimulation by reestablishing repressive histone signatures through high-level interactions
with the enhancer. Based on previous reports, repression likely relies upon subsequent
recruitment of co-repressors and HDACs (Barish et al., 2010; Barish et al., 2012; Dhordain
et al., 1997; Huynh and Bardwell, 1998; Huynh et al., 2000; Lemercier et al., 2002). Further,
this result provides an explanation for why we observed only modest differences in BCL6
occupancy at the −3kb enhancer both prior to, and 72 hours after PMA induction in cells
stably expressing control shRNA (Figure 7B). Collectively, the results of the BCL6 ChIP in
response to ZXDC1/2 knockdown (Figure 7B), the BCL6 ChIP PMA time course (Figure
7C), and the Ccl2 gene expression time course suggest that BCL6 represses Ccl2 gene
expression, at least in part, by transiently occupying the Ccl2 promoter at the −3kb enhancer,
and that ZXDC1 negatively influences binding of BCL6 to this region.

3.8. ZXDC1/2 and BCL6 co-localization in the nuclei of U937 increases after PMA induction
Several reports have shown that over-expressed BCL6 localizes to repressive nuclear bodies
(Barros et al., 2009; Dhordain et al., 1995; Duan et al., 2012; Hirata et al., 2009; Kinugasa et
al., 2007; Lemercier et al., 2002; Mascle et al., 2003) that are believed to be involved in
establishing repressive domains associated with newly synthesized DNA during the process
of DNA replication (Albagli et al., 1999; Puvion-Dutilleul et al., 2003). Furthermore, during
the course of gene de-repression associated with initiation of pro-inflammatory cell
signaling events, BCL6 has been shown to dissociate from chromatin (Barros et al., 2009)
and translocate to the cytoplasm where it is degraded by the proteasome (Hirata et al., 2009).
Based on our results showing that ZXDC1 reverses BCL6-mediated repression of Ccl2 gene
expression (Figure 6D) and interacts with BCL6 via its ZF domain (Figure 7C) we sought to
determine if ZXDC1 co-localizes with BCL6 in U937 and whether PMA induction alters the
cellular distribution of either protein.

We performed immunofluorescence confocal microscopy on preparations of U937 treated
with PMA for various amounts of time that theoretically corresponded to key Ccl2 gene
regulatory events predicted by enhancer occupancy analysis (Figure 7C). Prior to PMA
treatment, both ZXDC1/2 and BCL6 appeared broadly distributed throughout the
nucleoplasm and appear to show only minor co-localization (Figure 9, No PMA). Neither
protein exhibited punctuate staining patterns (so-called “nuclear bodies”) as has been
described for exogenously over-expressed BCL6, raising the possibility that these structures
are the result of over-expression, in situ cellular fractionation (Duan et al., 2012), or occur in
a cell-type dependent manner. After four hours of PMA treatment, both proteins begin to
partially co-localize as well as accumulate in the nuclear periphery, giving a halo-like
appearance similar to what has been reported for endogenous BCL6 protein in human gastric
carcinoma cell lines (Hirata et al., 2009). After 24 hours of PMA treatment, co-localization
was still observed, although not a distinctively distributed to the nuclear periphery.
Additionally, some apparent deposition of both proteins in the extra-nuclear space was
observed (Figure 8, bottom row).
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4. Discussion
Very limited information exists regarding the function of the three member zinc finger X-
linked duplicated (ZXD) family of transcription factors. We have previously shown that
ZXDA and ZXDC are necessary for full activation of MHC class II genes by CIITA (Al-
Kandari et al., 2007b) but beyond this role, nothing is known. In this report, we demonstrate
that one isoform of ZXDC, ZXDC1, influences expression of genes related to monocyte
differentiation and function. Based upon our data, ZXDC1 cannot be considered a lineage-
determining transcription factor, though it clearly influences expression of genes specific for
the monocyte/macrophage lineage. At least part of the mechanism by which ZXDC1
regulates one target gene, Ccl2, is the reversal transcriptional repression by BCL6.

Given our findings that ZXDC1 regulates expression of genes associated with differentiated
cells, it was surprising that we observed a modest decrease in ZXDC1 proteins levels when
the leukemic U937 cell line was differentiated by PMA treatment. This observation may
reflect the fact that U937 differentiation is incomplete when compared to peripheral blood-
derived monocytes and macrophages (Harris and Ralph, 1985). It is possible that the
absence of ZXDC1 elevation in response to PMA stimulation in U937 cells is a consequence
of this defect and may in some way contribute to the observed differentiation block of this
leukemic cell line. Given that ZXDC1 is also expressed in other blood cell lineages its
primary role may be to modify the activity of lineage-specific factors. Such a model would
not necessarily dictate that ZXDC protein levels increase upon differentiation. A report of
ZXDC interacting with growth factor independence 1 (Gfi-1) supports this notion (Salipante
et al., 2009).

Differentiation of U937 with PMA leads to changes in the expression of thousands of genes,
a subset of which was sensitive to ZXDC knockdown. Of the many genes involved in
chemotaxis, cell cycle and inflammation whose activation by PMA was diminished with
ZXDC knockdown, we chose CCL2 for further analysis. A striking observation is that a
reporter construct containing the Ccl2 promoter was only responsive to ZXDC1 when
integrated into the genome of U937. This indicates that either the high copy number
achieved by transient transfection was problematic or that a more regular, physiological
chromatin environment was necessary for ZXDC1 to achieve transcriptional activation
(Carey et al., 2012). We mapped the ZXDC1-responsive region of the Ccl2 promoter to a
~1000 bp region (−3158/−2154) that contains a previously defined distal regulatory region
(DRR) (Cho et al., 2002; Freter et al., 1995; Ping et al., 1999; Ping et al., 1996). We
determined that this identical region of the Ccl2 promoter was also necessary for repression
by BCL6.

Our inability to demonstrate direct binding of ZXDC1 within this region led us to
hypothesize that ZXDC1 levels may influence the ability of BCL6 to bind the DRR and
repress Ccl2 expression. Our decision to pursue the BCL6 protein as a target of ZXDC1 was
influenced by additional factors: BCL6 was shown to directly repress Ccl2 in conjunction
with NCoR/SMRT (Barish et al., 2012); BCL6 regulates many genes within the Ccl locus
(Seto et al., 2011); BCL6 has previously been shown to be a target of other factors that
indirectly activate Ccl2 gene expression (Lee et al., 2003). Overexpression of ZXDC1
reversed repression of CCL2 gene transcription by BCL6 in a dose-dependent manner. This
finding was consistent with our observation that knockdown of ZXDC lead to increased
occupancy of the Ccl2 promoter by BCL6. Although we do not yet know how ZXDC1 alters
BCL6 occupancy of the promoter, the fact that the two proteins interact suggest a range of
possibilities. It is currently unknown if BCL6-mediated repression of Ccl2 involves
disruption of the long-range interaction between the PRR and DRR of Ccl2 that occurs
during TNFα induction in mouse NIH-3T3 cells, (Boekhoudt et al., 2003; Teferedegne et
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al., 2006) or if ZXDC1 enhances these interactions. However, since it has been shown that
this long range interaction is facilitated first by association of NF-κB with the DRR
followed by histone acetylation, Sp1 binding to the PRR and then DRR-PRR association, it
stands to reason that BCL6 association, that is often mutually exclusive of NF-κB binding
(Barish et al., 2010), co-repressor association (Dhordain et al., 1997; Ghisletti et al., 2009;
Huynh and Bardwell, 1998; Huynh et al., 2000) and HDAC recruitment (Lemercier et al.,
2002) precludes this event.

A mounting body of work has demonstrated that BCL6 repressor activity is regulated by
post-translation modifications including MAPK-mediated (Moriyama et al., 1997; Niu et al.,
1998) and Rac1/PAK1-mediated (Barros et al., 2009) phosphorylation, in addition to p300-
mediated acetylation (Bereshchenko et al., 2002) within the PEST domain. Whereas both of
these modifications result in de-repression, acetylation leads to dissociation from HDACs
and accumulation of acetylated BCL6, while phosphorylation generally results in subsequent
ubiquitylation and proteasomal degradation of BCL6 (Duan et al., 2012). It is possible that
ZXDC1 influences either the phosphorylation or acetylation status of BCL6, or perhaps the
association of ZXDC1 with BCL6 is dependent upon the presence of these modifications.
Still, ZXDC1 levels did not influence BCL6 protein levels (data not shown), despite
increasing BCL6 mRNA levels slightly (as gauged by microarray), suggesting ZXDC is
likely not involved in mediating BCL6 degradation.

An additional level of BCL6 regulation involves interaction with the C-terminal fragment of
heparin binding-epidermal growth factor-like growth factor (HB-EGF-CTF). Upon PMA
treatment of gastric and fibrosarcoma cancer cell lines HB-EGF-CTF translocates to the
nucleus and associates with BCL6, reverses BCL6-mediated repression and facilitates
nuclear export of BCL6 to the cytosol where it is eventually degraded (Hirata et al., 2009;
Kinugasa et al., 2007). The interaction of HB-EGF-CTF has also been localized to the ZF
domain of BCL6 (Kinugasa et al., 2007). We observed the co-localization of ZXDC1 and
BCL6 upon PMA stimulation of U937 by immunoflourescent confocal microscopy (Figure
9) where both proteins accumulated in the nuclear periphery, a region sometimes associated,
though not absolutely, with transcriptional repression (Deniaud and Bickmore, 2009). Still,
we did not observe significant nuclear export of either protein, even after a full 24 hours of
PMA exposure. This difference in translocation and subsequent degradation may reflect the
critical role BCL6 plays in resolving the inflammatory response in innate immune cell types
(Barish et al., 2010) and a cell type-specific aspect of BCL6 regulation.

In this report we have demonstrated that ZXDC1 is a novel transcriptional regulator of key
inflammatory genes. While further investigation is warranted to characterize the mechanism
of ZXDC1 in vivo, our results suggest that since ZXDC1 facilitates activation of numerous
pro-inflammatory cytokines that are heavily implicated in chronic inflammatory diseases,
ZXDC1 may be a suitable target for clinical intervention of these conditions
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Highlights

• Transcription factor ZXDC1 promotes differentiation of the leukemia cell line
U937.

• ZXDC1 activates macrophage-specific and pro-inflammatory gene clusters

• ZXDC1 reverses inhibition of CCL2 expression via eviction of the repressor
BCL6
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Figure 1. Expression of ZXDC isoforms during PMA-induced differentiation of U937
A, Time course of PMA treatment of U937 shows that ZXDC isoforms are differentially
expressed during differentiation as detected by Western blot. The bands labeled ZXDC1
represent the sumoylated (upper) and unmodified (lower) forms. B, Schematic of ZXDC
gene and exons included in ZXDC1 and ZXDC2. ZXDC2 is derived from alternative
transcriptional termination site usage within the sixth intron. C, Relative band intensities
from western blots (as shown in A) for ZXDC1 (black circles) and ZXDC2 (grey bars) were
measured by densitometry and normalized to intensities obtained for β-Actin which was
used as a loading control. D, Time course of PMA treatment analyzed by qRT-PCR
incorporating primers specific for ZXDC1 (black circles) and ZXDC2 (grey squares).
Values reported represent the means (± s.d.) of three independent experiments. ‡P < 0.05.
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Figure 2. Effect of ZXDC level manipulation on monocyte-specific surface marker expression in
U937
U937 cells were transduced with lentiviral vectors expressing (A) ZXDC1, or (B) ZXDC2,
or (C) shRNA targeting ZXDC1/2. Cells were treated with vehicle (dashed lines) or PMA
(solid lines) for 72h and expression of indicated surface antigens was assessed by flow
cytometry. Black traces: transduced with control lentivirus; Gray traces: transduced with
expression lentivirus as indicated. Only transduced cells (GFP positive) were included in the
analyses. Mean fluorescence intensities obtained for the indicated surface antigens from
individual independent experiments were normalized to compare the effects of ZXDC1/2
overexpression (D; Black bars: transduction with control lentivirus; light grey bars:
transduction with ZXDC1 overexpressing lentivirus; dark grey bars: transduction with
ZXDC2 overexpressing lentivirus), and knockdown of ZXDC1/2 (E; Black bars:
transduction with control shRNA lentivirus; grey bars: transduction with ZXDC1/2 specific
shRNA lentivirus). Bars represent the means of n (indicated) biological replicates +/− s.d..
**P < 0.005, *P < 0.01, ‡P < 0.05.
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Figure 3. Differential gene expression caused by knockdown of ZXDC in U937 cells treated with
PMA for 72 hours as identified by microarray
A, Probes exhibiting significant expression changes upon PMA treatment. B, Detection of
probes up-regulated by PMA whose expression is significantly altered by ZXDC
knockdown. The solid line represents no change (unity); dashed lines represent ± three times
the RMSD of all probes up-regulated by PMA. Probes in red represent those exhibiting > 4-
fold PMA activation and significant impairment upon ZXDC knockdown. C, Genes whose
activation by PMA was impaired by knockdown of ZXDC in U937 cells. Results are
presented as the means of biological triplicates.
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Figure 4. Ccl2 gene expression was activated by over-expression of ZXDC1 but not ZXDC2
A, U937 were transiently transduced with lentivirus expressing ZXDC1, ZXDC2 or control
as indicated 96 hours prior to treatment with vehicle (black bars) or PMA (gray bars) for 72h
and analyzed by qRT-PCR to measure Ccl2 expression. B, U937 were transiently transduced
with lentiviral vectors expressing either shRNA against ZXDC1/2 (shZXDC, grey bars) or
luciferase (shControl, black bars) for 96 hours prior to treatment with vehicle or PMA for
72h and analyzed by qRT-PCR to measure Ccl2 expression. Bars represent the means of
three biological replicates +/− s.d. **P < 0.005, *P < 0.01, † < 0.02.
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Figure 5. Identification of an overlapping ZXDC1 and BCL6 responsive element in the Ccl2 gene
promoter
A, Schematic of Ccl2 Gaussia-luciferase reporter constructs used to generate stable U937
reporter cell lines. Coordinates are with respect to the transcriptional start site of Ccl2. B,
U937 reporter cell lines were transduced with lentivirus expressing ZXDC1 (gray bars) or
vector (black bars) followed by luciferase assay 48 hours later. C. U937 reporter cell lines
were transduced with lentivirus expressing BCL6 (gray bars) or vector (black bars) and
analyzed as in (B). D, U937 reporter cell line stable for the (−3158/+73) reporter construct
were transduced with lentivirus expressing BCL6 alone or with increasing amounts of
lentivirus expressing ZXDC, as indicated, and analyzed as in (B). Bars represent the means
of three biological replicates +/− s.d. **P < 0.005, *P < 0.01.
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Figure 6. ZXDC1 interacts with BCL6 via its zinc finger (ZF) domain region
A, Raji cell lysates were subjected to immunoprecipitation with the indicated antibodies
followed by Western blot with anti-BCL6. The first lane contains cellular lysate. B,
Schematic representation of BCL6 and domain deletion derivatives used in transient
transfection experiments. C, HEK293 cells were transfected with the indicated expression
plasmids, followed by immunoprecipitation with anti-FLAG (ZXDC) or anti-HA (BCL6).
Western blot was performed on the immunoprecipitates as indicated; ns: non-specific band,
hc: IgG heavy chain.
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Figure 7. Loss of ZXDC function promotes increased BCL6 occupancy of the Ccl2 distal
regulatory element
A, Inspection of the Ccl2 promoter distal response region (DRR) sequence revealed the
presence of a putative BCL6 binding site (grey highlight) co-localized with an opposing,
well established pair of NF-κB binding sites (black higlights) (Ping et al., 1999; Ping et al.,
1996). Location of ChIP amplicons are indicated in relation to the putative BCL6 binding
site. B, U937 cells stably expressing a shRNA targeting either ZXDC1/2 (shZXDC) or a
control shRNA (shControl) were treated with vehicle or PMA for 72 hours. Chromatin was
prepared and subjected to immunoprecipitation with anti-BCL6 or control IgG antibody
followed by qRT-PCR on the isolated DNA with primers specific for amplification of either
the “−3kb Enhancer” (grey bars), or a “Control Region” of genomic DNA, approximately
3.5kb usptream of the putative BLC6 binding site (black bars). Data is represented as “Fold
IgG”; the amount of anti-BCL6 immunoprecipitated DNA (normalized to input) divided by
the amount of normal IgG immunoprecipitated DNA (also normalized to input). C, Analysis
of BCL6 occupancy of the −3kb enhancer throughout a 72 hour PMA treatment time course
by ChIP. Data was analyzed as in B. D, Measurement of corresponding CCL2 gene
expression by qRT-PCR from samples used for ChIP analysis in C. Data is represented as
the mean of, at minimum,3 biological replicates +/− s.d. **P < 0.005, *P < 0.01, ‡P < 0.05).
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Figure 8. Co-localization of ZXDC1 and BCL6 in the nuclei of U937 increases after PMA
induction
U937 were treated with PMA for the indicated times and attached to slides via cytospin.
Endogenous ZXDC1/2 and BCL6 proteins were stained with specific antibodies and
visualized by confocal fluorescent microscopy.
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