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Abstract

Dysregulation of the autotaxin (ATX, Enpp2)-lysophosphatidic acid (LPA) signaling in cancerous
cells contributes to tumorigenesis and therapy resistance. We previously found that ATX activity
was elevated in p53-KO mice compared to wild type (WT) mice. Here, we report that ATX
expression was upregulated in mouse embryonic fibroblasts from p53-KO and p53R172H mutant
mice. ATX promoter analysis combined with yeast one-hybrid testing revealed that WT p53
directly inhibits ATX expression via E2F7. Knockdown of E2F7 reduced ATX expression

and chromosome immunoprecipitation showed that E2F7 promotes £rpp2 transcription through
cooperative binding to two E2F7 sites (promoter region —1393 bp and second intron 996 bp).
Using chromosome conformation capture, we found that chromosome looping brings together the
two E2F7 binding sites. We discovered a p53 binding site in the first intron of murine £npp2,

but not in human ENPPZ. Binding of p53 disrupted the E2F7-mediated chromosomal looping
and repressed Enpp2 transcription in murine cells. In contrast, we found no disruption of E2F7-
mediated ENPP2transcription via direct p53 binding in human carcinoma cells. In summary,
E2F7 is a common transcription factor that upregulates ATX in human and mouse cells but is
subject to steric interference by direct intronic p53 binding only in mice.
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Mouse Enpp2 gene

E2F7 drives Autotaxin/Enpp2 transcription via chromosome looping: Repression by p53 in murine
but not human carciomas by K. Lin, S-C Lee, M. A. Dacheux, D. D. Norman, A. Balogh, H.

Lee, G. Tigyi. The chromosomal loop in ENPP2 Caused by E2F7-dimerization is disrupted by
direct binding of p53 in the murine Enpp2 gene. In human ENPP2 the lack of the intronic p53 site
eliminates direct regulation by p53.

Introduction

The ectonucleotide pyrophosphatase/phosphodiesterase 2 (£npp2) gene encodes the
autotaxin (ATX) protein, a lysophospholipase D that converts lysophosphatidylcholine to
lysophosphatidic acid (LPA). LPA functions through activation of multiple targets including
LPA GPCR (LPAR) [1]. ATX is elevated in many types of carcinomas [2-5] and drives
cancer progression by promoting invasion, angiogenesis, metastasis, therapy resistance,

and inhibits antitumor immunity [6-9]. ATX/LPA is also secreted by cells of the tumor
microenvironment (TME) [10-12] and regulates the communication between cancer cells
and their TME [13]. ATX is the second most upregulated gene in therapy-resistant breast
cancer stem-like cells, whereas the gene that encodes the lipid phosphate phosphatase 3
enzyme that metabolizes LPA is downregulated in these cells [14]. The ATX-LPAR axis also
elicits chemo- and radiotherapy resistance of cells /n vitrovia LPAR2 [15, 16], and protects
carcinomas from Taxol- and carboplatin-induced apoptosis [17, 18]. Because ATX plays

a critical role in cancer progression and therapy resistance, understanding the molecular
mechanisms responsible for its upregulation is of therapeutic significance.

Several transcription factors (TFs) have been reported to regulate £nppZ/ENPPZ expression.
These include: AP-1, SP [19], c-Jun, Sp3 [19, 20], HOXA13 [21], B-catenin [22], FOX
family TFs [23-25], SOX11, STAT3 [26], and NFAT1 [27, 28]. ENPPZ expression can
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also be regulated by histone deacetylases (HDAC3 and HDACT7) [29] and by methylation
[30]. Moreover, post-translational modification by RNA-binding proteins HUR and AUF1
has been reported to promote EAPP2 mRNA stability [31]. Several microRNAS such as
miR-29a/b/c and miR-101-3p have been identified as binding partners to ENPP2ZmRNA in
patients with chronic obstructive pulmonary disease [32, 33].

Previously, we demonstrated that the plasma ATX activity in p53-KO mice was significantly
elevated relative to wild-type (WT) mice, and that myofibroblast derived from p53-KO
mice showed ~16-fold higher ATX expression levels over WT. These data indicate that
p53 negatively regulates murine ATX expression [34]. EnppZ2was reported to be one of
the differentially expressed genes in p53-WT versus p53-KO mouse embryonic fibroblasts
(MEF) [35]. Genome-wide ChlP-seq analysis showed that p53 occupies the regulatory
domain of ENPP2 after p53 reactivation by Nutlin or induction of tumor cell apoptosis by
chemotherapeutics in MCF-7 and HCT116 carcinomas [36]. In a genome-wide chromatin
occupancy screen, 18,110 genes have been reported to contain p53-RE, of which 83
genes, including ENPPZ, were validated experimentally [37]. These findings support the
hypothesis that p53 interacts with £EMPP2and may transcriptionally augment or suppress
its expression. However, the mechanism by which p53 represses £npp2 has not been
investigated previously. In this study, we aimed to dissect the transcriptional repression

of Enpp2/ENPP2Zby p53 in murine and human cells.

Material and Methods

Cell culture.

HEK293T, MDA-MB-231, SKOV3 cells, and B16-F10 cells were obtained from ATCC
(Manassas, VA). WT and p53~~ HCT116 cells were from Dr. Sunny Wu (UTHSC,
Memphis, TN). WT, p53-KO, and p53R172H MEF were from Dr. Gerard Zambetti (St.

Jude Children’s Research Hospital, Memphis, TN). HEK293T, MDA-MB-231, and SKOV3
cells were cultured in DMEM (Corning; Corning, NY) supplemented with 10% FBS

(R&D System; Minneapolis, MN) and 1% penicillin/streptomycin (Invitrogen; Waltham,
MA). MEF and B16-F10 cells were cultured in DMEM (Lonza; Basel, Switzerland)
supplemented with 10% FBS, 1% non-essential amino acids (Invitrogen), and 1mM L-
glutamine (Invitrogen). Cells were starved in FBS-free DMEM for 2 h followed by treatment
with either 20 uM of Nutlin-3A or (Sigma-Aldrich, St. Louis, MO) vehicle control 0.1%
DMSO for 24 h.

Cloning of Enpp2 promoter and E2F7.

Mouse genomic DNA isolated from MEF were amplified with Q5 polymerase (New
England Biolabs (NEB); Ipswich, MA) using primers in (Supplementary Table 1). The
amplified Enpp2 promoter sequence was cloned into Dual-Luciferase Reporter Lentivectors
(Applied Biological Materials; Richmond, British Columbia, Canada) using an In-Fusion
cloning kit (Takara; San Jose, CA). The mouse E2F7 cDNA was cloned at the C’-terminus
of yellow fluorescent protein (YFP) in the pEYFP-C1 plasmid.
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Mutation of E2F7.

A site-directed mutagenesis kit (NEB) was used according to the manufacturer’s instructions
to delete the E2F7-REs using primers in Supplementary Table 1 or to mutate the E2F7 DNA
binding dimerization domains.

Yeast one-hybrid (Y1H) screening.

Y 1H screen was performed as described previously [38, 39]. The coding region of suspected
TFs (prey proteins) was cloned to pGLDT7-AD vector (Takara). Tandemly repeated ATX
promoter regions (bait sequences) were amplified and cloned into the pABAI vector (Takara)
with Aureobasidin A (AbA) resistance reporter gene (AbA".

Cell transfection.

RT-gPCR.

Cells were cultured in Opti-MEM (Invitrogen) and transfected using Lipofectamine 2000
or 3000 (Invitrogen). Mouse and human SMART Pool siRNAs were used to knock down
(KD) NR1H3, E2F7, and p53 (sequences listed in Supplementary Table 2, Dharmacon,
Cambridge, UK).

500 ng of RNA was reverse transcribed to cDNA with the RevertAid Reverse Transcription
kit (Invitrogen). gPCR was performed using the PowerUp-SYBR Green master mix in a
QuantStudio-6 PCR machine (Applied Biosystems Inc (ABI), Waltham, MA). Primers are
listed in Supplementary Table 3. The relative expression level of each gene was normalized
to GAPDH using the AACt method.

Immunoblotting.

Equal amounts of protein were loaded to SDS-PAGE and transferred to nitrocellulose
membranes as described in [40]. Primary antibodies used were: Anti-mE2F7 (PA5-68911,
Thermo-Fisher; 1:2000), anti-hE2F7 (HPA064866, Millipore; Burlington, MA; 1:2000),
monoclonal anti-ATX 4F1 (provided by Dr. Junken Aoki, Tokyo University, 1:1000), anti-
MNR1H3 (ab176323, Abcam, Waltham, MA; 1:3000), and anti-Actin (MAB1501, Sigma-
Aldrich; 1:600,000). Secondary antibodies applied were goat anti-mouse HRP (A4416,
Sigma-Aldrich; 1:500), goat anti-rat HRP (A10549, ThermoFisher, 1:2000), or goat anti-
rabbit HRP antibody (31460 ThermoFisher; 1:3000).

Luciferase assays.

Luciferase activity was measured using a Dual-luciferase assay kit (Promega; Madison, WI)
according to the manufacturer’s instructions.

Chromatin immunoprecipitation (ChlIP).

The cells were suspended in cold PBS at 2x106 cells/mL, crosslinked with 1% formaldehyde
(FA) for 10 min, quenched with 0.125M glycine for 5 min and twice with PBS. Next,

107 cells were suspended in ChIP buffer and lysed by sonication to obtain a fragment

size distribution of 200 — 1000 bp. Lysate (20 pL) was mixed with TE buffer (80 uL)

and digested with 4 ug RNase A at 65°C overnight. The eluted samples were incubated at
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60°C for 30 min with 2 pg of Proteinase K (Sigma-Aldrich). Purified DNA (25 pg) was
added to either 5 ug of anti-mE2F7 antibodies (A303-037A, Thermo-Fisher) or negative
control rabbit 1gG antibodies (ab172730, Abcam) to precipitate the protein of interest using
the ChIP Kit-One step (Abcam). Isolated DNA segments were analyzed using gPCR with
primers in Supplementary Table 3.

Chromatin conformation capture (3C)-qPCR assay.

The 3C-gPCR analysis was performed as previously described [41]. SDS-treated DNA was
digested overnight with endonuclease Dpnll or Mael (NEB) and inactivated with 0.5% SDS
at 65°C for 30 min. Digested chromatin (2 pg) was ligated with T4 DNA ligase (NEB)
overnight at 16°C. The ligated DNA was reverse-crosslinked at 60°C overnight with 4 pg of
RNase A (Sigma-Aldrich), and digested with 2 ug of Proteinase K for 30 min at 60°C. Seven
Dpnll or Mael recognition sites flanking the target regions in the mouse or human genome,
respectively, were analyzed with SYBR Green. Digestion efficiency was monitored by qPCR
using primer pairs (Supplementary Table 4) that encompassed the Dpnll or Mael restriction
sites.

Statistical analysis.

Data from three experiments are expressed as means + SD. Statistical analysis was
performed with GraphPad Prism 9.1.2 software (San Diego, CA). Significant differences
were calculated using paired Student’s t-test (two groups) or one-way ANOVA with Tukey’s
multiple comparison test.

Data Availability Statement.

Results

The experimental data that support the findings of this study are openly available in the
figshare website at the following link https://figshare.com/projects/

E2F7_drives_ATX transcription_via_chromosome_looping_Repression_by p53_in_murine
_but_not_human_carcinomas/160789 under reference number 160789.

p53 suppresses ATX expression in MEF.

Previously, we demonstrated that ATX expression and ATX enzymatic activity in plasma

are significantly increased in p53-KO mice [34]. Here, we obtained MEF isolated from WT,
p53-KO, and p53R172H mice and analyzed the expression of p53 and £npp2 by RT-gPCR
(Figures 1A & 1C) and immunoblot (Figure 1D). We confirmed that p53-KO MEF do not
express p53 mRNA or protein (Figures 1A & 1D). However, these MEF expressed higher
levels of ATX mRNA and protein than WT MEF (Figures 1C & 1D). Furthermore, p53 MEF
harboring the R172H mutation in its DNA binding domain also displayed elevated levels of
ATX expression (Figures 1C & 1D). We also verified that the expression of the canonical
p53 downstream target gene p21 was significantly reduced in the p53-KO and p53R172H
MEF (Figures 1B & 1D). These results suggest that p53 represses ATX expression in MEF.
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The Enpp2 promoter contains binding sites for NR1H3 and E2F7.

Knockdown

The finding that ATX is increased in p53R172H mutant MEF suggests that the DNA binding
domain of p53 is required for repressing ATX expression. Although p53 is known to
activate gene expression directly, it has not been demonstrated to directly repress gene
transcription [42]. We hypothesized that gene repression might occur with p53 acting as an
indirect transcriptional repressor of (an) unknown TF(s) that become(s) disinhibited when
p53 is knocked out or inactivated by mutation. To identify the putative TF(s), we used the
TRANSFAC and ALGGEN-PROMO software to identify TFs with predicted binding sites
in the £npp2 gene. This result was cross-referenced with TFs that are known downstream
targets of p53 that were selected from published p53 RNA-seq and p53 ChlP-seq databases
[35, 36]. We identified five putative candidates: nuclear receptor subfamily 1 group H
member 3 (NR1H3), BTB domain and CNC homolog 2 (BACH2), activator protein 1
(AP-1)/FOS proto-oncogene, CCAAT/enhancer binding protein beta (CEBP), and E2F
transcription factor 7 (E2F7). These candidates, which met both criteria of being a p53
downstream target and occupying binding sites in the £n70p2 promoter (Figure 1E), were
further evaluated using Y1H assay (Figure 1F). As shown in Figure 1G, we found that yeast
cells transformed with plasmids containing tandem copies of the £npp2 promoter with either
an E2F7- or NR1H3-expression vector grew colonies in the presence of AbA, suggesting
that both E2F7 and NR1H3 interact with the £npp2 promoter.

of E2F7 but not NR1H3 suppresses ATX expression.

To determine if E2F7 or NR1H3 regulates ATX expression, each TF knockdown (KD)

with siRNA was generated in WT, p53-KO, or p53R172H MEF. The KD efficiency of
NR1H3 siRNA was confirmed by mRNA expression of the AirZA3 gene and its downstream
target, the fructose transporter G/ut5 (Supplementary Figure 1A and 1B). NR1H3 protein
levels were also reduced by 40-60% at 48 h after transfection with NR1H3 siRNA in

WT (Figure 2A), p53-KO (Figure 2B), and p53R172H (Figure 2C) MEF. We found that

KD of NR1H3 did not alter ATX protein expression in all three cell lines, suggesting

that it is unlikely to regulate ATX expression. On the contrary, siRNA-mediated KD

of E2F7 decreased ATX protein expression by ~35-40% compared to MEF transfected
with scrambled siRNA (Figures 2D-F), suggesting that E2F7, but not NR1H3, positively
regulates Enpp2transcription. The KD efficiency of E2F7 siRNA was confirmed by mRNA
expression of the £2f7 gene, its downstream target cyclin B1 (CcnbI; Supplementary Figure
1C and 1D), and E2F7 protein levels (Figures 2D-F).

The transcriptional activity of Enpp2 promoter is upregulated by E2F7.

Because KD of E2F7 downregulated ATX expression in MEF, we hypothesized that ATX is
a transcriptional target of E2F7. Using the TRANSFAC and ALLGEN-PROMO softwares,
we identified two E2F7-response elements (E2F7-RE) in the promoter (E2F7-RE1 at —1393
——1385) and in the second intron (E2F7-RE2, at 996 — 1009) of murine £npp2. We also
identified a p53-RE in the first intron (p53-RE at 162 — 171, Figure 3A). To evaluate

the role of these E2F7-RE in EnppZtranscription, we cloned the £npp2 promoter into a
dual-luciferase reporter plasmid system. This £nppZ2 dual-luciferase reporter plasmid was
co-transfected with the YFP-E2F7 construct in HEK293T cells. We showed that £npp2
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transcription was increased by two-fold when 100-200 ng of E2F7-expression plasmid was
co-transfected with the reporter plasmid (Figure 3B, black bars).

To determine whether one or both E2F7-RE was required for £npp2transcription, we
deleted the two binding sites either individually (E2F7RE-del-1, E2F7RE-del-2) or in
combination (E2F7RE-Dualdel). When single deletion mutations were co-transfected with
the E2F7-expression plasmid, the transcriptional activity of £npp2 appears to be partially
reduced, although statistical significance was observed only when 100ng of E2F7 plasmid
was co-transfected (Figure 3B, dark gray bars). In contrast, double deletion of E2F7-RE
significantly reduced luciferase activity by 60% (Figure 3B, light gray bars), suggesting
that both E2F7-RE are required for Enpp2 transcription at the same time. Furthermore, we
deleted p53-RE in the first intron and found that it significantly increased luciferase activity
by two-fold (Figure 3C, gray bars), suggesting that binding of p53 in the first intron inhibits
Enpp2 transcription.

The E2F7 protein has two DNA-binding domains (DBD) and two dimerization residues
(DR), all of which are required for its transcriptional activity [43]. We generated the series of
DBD and DR mutants shown in Table 1 and evaluated their relative transcriptional activity
of Enpp2 (Figures 3D & 3E). Whereas single mutations in either the DBD or DR did

not significantly affect its transcriptional activity, overexpression of the E2F7-DBD double
mutation reduced EnppZ2transcriptional activity to the basal reporter activity detected in
empty vector-transfected cells (Figure 3F, M1M2). Likewise, Enpp2 promoter activity was
reduced to basal level in cells transfected with the double mutant of E2F7-DR, relative to
E2F7-WT (Figure 3G, D1D2). These data suggest that impairing either the DBD or DR
residues of E2F7 abolishes the transcriptional upregulation of Enpp2.

E2F7 physically binds to the Enpp2 promoter.

We used ChlIP assays to determine whether E2F7 binds directly to the EnppZ2 regulatory
region. Chromatin fragments prepared from WT, p53-KO, and p53R172H MEF were
immunoprecipitated with either anti-E2F7 or control mouse 1gG antibodies. The isolated
DNA was amplified by gPCR to quantify the enrichment of DNA that encompasses the
predicted E2F7-RE in the Enpp2regulatory region. Multiple primers were designed to
amplify seven DNA sequences (ChIP 1-7) that encompass E2F7-RE1 and E2F7-RE?2
(Figure 4A). In WT-MEF, the regions of the Enpp2 regulatory domain 1600~1000

bps upstream of the transcription start site (TSS), which encompasses E2F7-RE1

(ChlP-2) and two nearby regions (ChIP-1 and ChIP-3) were significantly enriched after
immunoprecipitation with anti-E2F7 antibodies (Figure 4B). Likewise, E2F7 robustly
occupied the same region upstream of the TSS in p53-KO (Figure 4C) and p53R172H

MEF (Figure 4D), to the same extent detected in WT MEF. Interestingly, the region that
encompasses E2F7-RE2 at +1000 bp (ChIP-7) was also amplified after enrichment with
E2F7 antibodies in WT, p53-KO, and p53R172H MEF (Figures 4B-4D), confirming that
E2F7 upregulated Enpp2transcription by directly binding to both E2F7-RE in the promoter
and second intron. We also note that p53R172H MEF displayed a different ChIP distribution
from that of WT or p53-KO MEF, where a significant interaction of E2F7 with ChIP-5 was
observed only in p53R172H MEF.
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Next, we applied anti-p53 antibody in the ChIP assay combined with the treatment of
Nutlin-3A to monitor the occupancy of p53 in the intron of mouse Enpp2. Primer pairs
(Supplementary table 3) were designed to target the potential p53-RE in the first and
second intron of mouse £npp2 (Figure 4E). The ChIP results indicated that the DNA
region encompassing p53-RE in the first intron was significantly enriched after IP with
anti-p53 antibody (Figure 4F). Furthermore, two additional p53-RE in the second intron
were identified when the stringency of dissimilarity was reduced from 10% to 20% (Figure
4E). However, ChIP results showed that p53 does not bind to these two sites (Figure 4G &
H). These results confirm that p53 represses EnppZ transcription by binding to the p53-RE
in the first intron rather than the second intron of Enpp’2.

Chromosomal looping of E2F7 drives Enpp2 transcription.

Our ChIP and luciferase reporter analyses suggest that E2F7 binds to E2F7-RE1 and E2F7-
RE2, both of which are required for E2F7-dependent £nppZ2transcription. We hypothesized
that binding of two E2F7 to both sites causes chromosomal looping mediated by E2F7
dimerization. Therefore, we applied the 3C-gPCR technique to determine whether the two
E2F7-RE interact with one another.

We selected Dpn |1 as a restriction enzyme that cuts near the predicted TF binding sites and
designed a series of primers that would allow us to quantify the ligation frequency between
the anchor fragment (anchor 1) located at E2F7-RE2 in the second intron and the Dpn 1l
restriction fragments that flank the £npp2 promoter upstream of the TSS (Figure 5A). The
assay was performed in WT, p53-KO, and p53R172H MEF. We found that the interaction
frequencies between the two E2F7-RE (Primer-3 and Anchor-1) are significantly higher in
p53-KO and p53R172H MEF relative to WT MEF (Figure 5A). The interaction frequency
gradually decreased when using Dpn |1 fragments further away from E2F7-RE1 because
the likelihood of a specific interaction decreases with distance. In contrast, Anchor-2
(corresponding to p53-RE in the first intron, Figure 5B) displayed a significantly higher
interaction frequency with Primer 3 only in WT MEF compared to p53-KO and p53R172H
MEF (Figure 5B), suggesting that the binding of WT p53 to p53-RE in the first intron

of Enpp2 can abolish the interaction between the two E2F7-RE. Taken together, these

data suggest a mechanism whereby three-dimensional chromosomal looping is established
between the two E2F7-RE to regulate £npp2transcription. To confirm these results, we
repeated the 3C-gPCR analysis after first performing siRNA-mediated KD of E2F7 in MEF.
E2F7-KD significantly decreased the interaction frequency between the two E2F7-RE sites
(Primer#3 and Anchor-2) in p53-KO and p53R172H MEF, relative to the frequency observed
with scrambled siRNAs (Figures 5D & 5E). However, KD of E2F7 did not appear to affect
the DNA interaction frequencies in WT MEF (Figure 5C).

E2F7 is a novel transcriptional regulator of Enpp2 in non-transformed and malignant
murine cells.

Our ChIP and 3C-qPCR results showed that E2F7 binds to the promoter and intronic region
of Enpp2, resulting in chromosomal looping that is required for Enpp2transcription in
MEF. Previous studies suggest that intronic enhancers interact with their target promoters to
form a chromosomal loop, which promotes transcriptional activation of various human and
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mouse genes [44, 45]. We examined whether this steric mechanism prevails in the regulation
of Enpp2in mouse B16-F10 melanoma cells that secretes high amounts of ATX. SiRNA-
mediated KD of E2F7 significantly decreased ATX protein expression in B16-F10 (Figure
6A). Furthermore, ChlP assay confirmed that E2F7 physically binds to E2F7-RE1 (ChIP-3)
and E2F7-RE2 (Figure 6B, ChIP-7). In addition, the interaction frequency between both
E2F7-RE was also increased significantly in B16-F10 as determined by 3C-qPCR (Figure
6C). These results show that E2F7 promotes £npp2 transcription in both non-transformed
and malignant murine cells via a common mechanism.

Dissimilarity in the modulation of E2F7 activation by p53 in human versus murine

carcinomas.

We probed whether this mechanism occurs in human carcinomas. Primer pairs targeting the

recognition sites for Mael rather than Dpnll were used because the Dpnll sites in the human
genome are different from that in mouse (Figure 7A). WT or p53-KO human colon HCT116
carcinomas were tested in parallel to validate the effect of p53 on the E2F7 interaction

with the human ENPP2 gene. 3C-qPCR analysis revealed an increased interaction frequency
between E2F7-RE1 (Primer#2) and E2F7-RE2 of the human ENPPZ (Anchor-H), consistent
with the results observed in mouse cells.

In contrast, no significant differences in the interaction frequencies between WT and p53-
KO HCT116 cells were detected (Figure 7B), suggesting that p53 does not disrupt the
interaction between the two E2F7-RE leading to the repression of ENPPZtranscription.
We analyzed the human ENPP2 sequence using the ALLGEN software. Surprisingly, no
p53-RE were found in the first intron of ENPP2using a 10% dissimilarity threshold,
underlining differences in the regulatory regions between mouse and human EnppZ/ENPP2
[46]. However, reducing the stringency of dissimilarity from 10% to 20% identified six
additional putative p53-RE in the first and second intron of human ENPPZ. Using ChIP
assays, we confirmed that p53 does not bind to any of the six p53-RE (Supplementary
Figure 2). These results could explain why WT p53 failed to disrupt E2F7 chromosomal
looping in WT HCT116 cells and did not result in ATX repression in human cells.

We expanded this observation to include human ovarian SKOV3 and breast MDA-MB-231
carcinomas, which differ in their p53 status (SKOV3: p53-KO; MDA-MB-231: p53R280K),
SiRNA-mediated KD of E2F7 significantly decreased ATX protein levels in both cell lines
(Figures 7C & 7D). Using ChIP, we detected significantly higher binding of E2F7 to the
two E2F7-RE (ChIP-2 and ChIP-7) in SKOV3 (Figure 7E) and MDA-MB-231 cells (Figure
7F) relative to nonspecific control 1gG. In addition, 3C-gPCR assay revealed a robust
interaction between Primer#2 and Anchor-H in SKOV3 and MDA-MB-231 cells (Figure
7G), suggesting that a similar chromosomal loop develops between the two E2F7-RE. Taken
together, our results indicate that E2F7 regulates the transcription of ENPPZin human
carcinomas, regardless of their p53 status.

Discussion

ATX expression is amplified in various human carcinomas as well as in different cell types
of the TME [2-5]. Our initial observation that p53-KO mice have elevated £npp2 expression
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prompted us to investigate if p53 can regulate the transcription of £npp2expression.

[40]. In the present study, we showed that MEF derived from p53-KO or p53R172H mice
indeed express more ATX than MEF derived from WT mice, suggesting that WT p53
represses EnppZ transcription. Because of the general consensus that p53 does not directly
repress gene transcription [47], we tested the hypothesis that the repression of Enpp2
transcription by p53 is mediated indirectly via the regulation of (an) unknown TF(s) that is
either regulated directly or indirectly by p53. We identified five TF candidates that could
repress Enpp2transcription. Among these candidates, only E2F7 interacted with the Enpp2
promoter (Figures 1 & 2) by binding to two E2F7-RE in the promoter region upstream

of the TSS and in the second intron (Figure 3A). We found that direct binding to both
E2F7-RE was required to drive Enpp2transcription (Figure 3B & 4B). Furthermore, both
DNA binding and dimerization abilities of E2F7 were also required for the upregulation of
Enpp2 transcription (Figures 3F & 3G). Chromosomal looping has been shown to upregulate
the transcription of several human and mouse genes [44, 45]. We examined whether E2F7-
mediated transcription of £npp2might occur via a similar mechanism. Indeed, we found that
E2F7 dimerization facilitates chromosomal looping between the two E2F7-RE sites (Figure
5A).

The presence of a unique p53 binding site in first intron of murine £npp2 (Figure 3A)
prompted us to examine if the mechanism by which p53 represses £npp2 transcription
occurs by binding to this site. Our data indicated that binding of p53 to the intronic p53-RE
in the £npp2 gene interferes with E2F7-mediated chromosomal looping in WT MEF but
not p53-KO or p53R172H MEF (Figure 4F & 5B). Interestingly, the human ENPP2 gene
lacks a p53-RE in its first intron (Supplementary Figure 2). Therefore, we examined the role
of p53 in human carcinoma cells. We found that p53 had no effect on E2F7-dependent
ENPPZ expression and ATX production in all of the human carcinoma cell lines we
examined, regardless of their p53 status — WT, KO or p53R280K (Figure 7). Therefore, the
difference between murine and human EnppZ/ENPPZ2 sequences may provide an explanation
for the lack of p53-dependent direct repression of EANPP2 transcription via E2F7 in human
carcinomas.

E2F7 is an atypical member of the E2F TF family and is well recognized for its tumor-
suppressive roles via transcriptional repression of genes involved in S-phase entry [48].
E2F7 has been reported to exert pro-tumorigenic effects via direct binding to the promoter of
EZH2 in glioblastoma [49]. Furthermore, E2F7 has been shown to mediate p53-dependent
gene repression. Specifically, DNA damage caused activation of p53 was accompanied by
increased expression of E2F7, which inhibited cellular proliferation by directly binding

to the promoters of G1/S target genes and repressing their expression [47, 50]. Multiple
studies have also reported the pro-tumorigenic activity of E2F7 [49, 51, 52], indicating

the complex role of E2F7 in cancer that is now broadened by its role in the regulation of
ATX transcription, which through increased LPA production can mediate or at least drive
cancer progression. A unique characteristic of E2F7 is that it possesses two DBD and two
DR important for both DNA-binding and dimerization (Figure 3D & E). The binding of
E2F7 to its DNA target is completely blocked by mutation of either of the two DBD [53],
and E2F7 homodimerization completely depends on the integrity of the two DR [54]. Our
studies support the role of E2F7 homodimerization in its transcriptional activity, at least in
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the case of £npp2 (Figure 3F & G). Additional studies focused on the mutations affecting
E2F7 dimerization might unveil pro-tumorigenic and/or anti-tumor-promoting effects.

In our ChIP experiments, we found that ChIP-1 and ChIP-3 contain binding sites for NFxB
that are present in both murine and human Enpp2/ENPP2. [40]. Previous study showed that
irradiation of tumor-bearing mice significantly increased TNF-a levels [55], which has been
shown to upregulate ATX expression via NFxB [56]. We showed that irradiation of HCT116
cells increased the mRNA expression of both £2F7and ENPPZ2. Moreover, sSiRNA-mediated
KD of E2F7 abrogates radiation-induced ENPP2 expression (Supplementary Figure 4),
suggesting that E2F7 may play a role in regulating ENPP2 expression under genotoxic
stress. Our findings raise the question of whether a potential interaction between E2F7 with
NFxB could coregulate ENPP2Ztranscription under genotoxic stress. In addition, we found
that E2F7 interacted with ChIP-5 only in p53R172H MEF, but not in WT or p53-KO MEF.
Mutation of the R172H residue in p53 alters the tertiary structure of p53 and is regarded as
a conformational mutant. Although p53R172H mutant together with other known p53 mutants
(e.g. R273H, G245S, R248P) are not able to bind to consensus p53 binding sequences,

they have been reported to bind to non-canonical DNA structures and exert gain-of-function
properties [57, 58]. Another alternative mechanism for p53R172H gain-of-function is via
interaction with other transcription factors such as p63, p73, and NF-Y, which results in
altered gene transcription [59, 60]. More recently, studies have shown that p53R172H mutant
is able to transcriptionally induce NFxB2 gene expression and to prolong NF«xB response
to TNF-a in human lung cancer cells [61, 62]. In this regard, we note that ChIP-5 also
contains binding sites for NFxB. Thus, whether the interaction of E2F7 with ChIP-5 is
mediated by the binding of p53R172H mutant to this DNA region or via its interaction with
other transcription factors such as NFkB remains unknown. This hypothesis will have to be
examined in future experiments.

In conclusion, we showed for the first time that E2F7 is a novel TF regulating £npp2/
ENPPZtranscription by directly binding to two E2F7-RE sites located in the promoter and
second intron. Dimerization of DNA-bound E2F7 molecules results in chromosomal looping
that brings the intronic E2F7-RE2 in proximity with the E2F7-REL in the Enpp2/ENPP2
promoter. Furthermore, our results identified mouse-human differences in the regulation

of Enpp2/ENPP2 expression by p53 that are likely to complicate the interpretation of the
role of p53-dependent ATX regulation in murine versus human carcinomas and of human
explant models in SCID/NSG mice. It is conceivable that p53-reprograming-mediated non-
cell-delimited production of ATX from stromal cells in the TME in murine carcinoma
models may also prove to be profoundly different from that in human patients. Although
we initially set out to investigate the role of p53 in regulating E2F7-mediated £npp2
transcription, it is possible that E2F7 may also recruit other TFs such as NFxB to the
transcriptional complex to promote the expression of ATX in the cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. p53 negatively regulates ATX expression in MEF.
RNA was isolated from WT, p53-KO, and p53R172H MEF and p53 (A), p21 (B), and ATX

(C) mRNA expression was evaluated by RT-qPCR. Fold changes in mRNA (AACt) were
calculated, and data are represented as the mean + SD of three independent experiments.
*** ndicates p < 0.001. (D) Expression of p53, p21, and ATX were determined by
immunoblotting with antibodies in cell lysates prepared from WT, p53-KO, and p53R172H
MEF. Note the robust upregulation of ATX protein in p53-KO and p53R172H MEF. (E) The
results of the promoter analysis of £npp2were cross-referenced with published p53 ChlP-
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Seq and RNA-Seq databases. The dissimilarity threshold was set at 10% as the selection
criterion. (F) Five TFs, BACH2, CEBPB, NR1H3, FOS, and E2F7, were identified and
cloned as “prey protein” into the pGLDT7-AD vector. The EnppZ promoter sequence was
cloned to “DNA bait” in pABAI vector, which contains an AbA resistance gene as described
in the methods. (G) The pairs of prey and bait vectors were transformed to Y1HGold

yeasts and grown on plates in the presence of SD-Leu-URA+ADA. The positive interaction
between the prey protein and the DNA bait caused the expression of AbAr and growth in the
plate. LYP1: lysine permease; CAN1: plasma membrane arginine permease; SD: synthetic
defined medium.
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Figure 2. Knockdown of E2F7 decreases AT X expression.
100 nM of NR1H3 siRNA was transfected in (A) WT, (B) p53-KO, and (C) p53R172H

MEF for 48 h. On the other hand, 150 nM siRNA targeting E2F7 was applied to (D) WT,
(E) p53-KO, and (F) p53R172H MEF for 24 h. Protein was extracted for immunoblotting
with antibodies against NR1H3, E2F7, ATX, and p-actin. Densitometry analysis represents
the percent of NR1H3, E2F7, and ATX band intensity normalized to p-actin. The data
represents the mean + SD of three independent experiments. *p < 0.05 and **p<0.01
indicate significant differences. SC: scramble.
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Figure 3. E2F7 enhancesthetranscriptional activity of the ATX promoter.
(A) A 3202 bp EnppZ promoter was retrieved from Ensembl database and analyzed

by TRANSFAC and ALGGEN-PROMO online software. Two potential E2F7-RE

(-1393~-1385, CCCGCTCTG, E2F7-RE1; 996~1009, TGTCTCCCCGGGAA, E2F7-RE2)
and one p53-RE (162~171, TTGGCAGGAT) were identified. (B) Single deletion (E2F7RE-
del-1 or E2F7RE-del-2) or double deletion (E2F7RE-Dualdel) of E2F7-RE and (C) deletion
of p53-RE were introduced into the reporter plasmids. Co-transfection of E2F7-expression
vector and luciferase reporter was carried out in HEK293T cells as described in methods.
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(D-E) The diagrams show mutations in the DNA binding domain (DBD) and dimerization
residues (DR) of E2F7, respectively. Single arginine-to-alanine mutation (M1 or M2) or
double mutations (M1M2) of E2F7 were generated in the E2F7-expression vector. Likewise,
single deletion of DR (D1 or D2) and double deletions (D1D2) were generated in the E2F7-
expression vector. (F) The E2F7-DBD mutation and (G) the E2F7-DR mutation vectors were
co-transfected with £npp2 promoter reporter plasmid into HEK cells. Luciferase activity
was measured after transient co-transfection of these plasmids. Luciferase activity was
normalized to Renillaluciferase activity. Data are represented as the mean + SD of three
independent experiments. *, #p < 0.05, **, ##p<0.01, and ***, ###p < 0.001 indicate
significant differences. * indicates the comparison between the values from wild-type
promoter and E2F7-RE deletion promoter plasmids. # indicates the comparison between
EV and E2F7-expression vectors. EV: empty vector; DBD: DNA binding domain; DR:
dimerization residue.
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Figure 4. E2F7 bindsto the promoter and second intron of Enpp2.
(A) Diagram of the ChIP-gPCR primers targeting the E2F7-RE. (B)WT, (C) p53-KO, and

(D) p53R172H cells were subjected to ChIP-gPCR analysis with anti-E2F7 and nonspecific
control 1gG antibodies. The E2F7-bound DNA was quantified by gPCR using specific
primers (ChIP-1~ChlIP-7) targeting the promoter and intron sequences of £npp2. (E)
Diagram of the ChIP-gPCR primers targeting potential p53-RE. WT cells were starved

for 1h followed by incubating with 20 uM Nutlin 3A for 24 h. The cells were further
subjected to ChIP-gPCR analysis with anti-p53 or nonspecific control IgG antibodies. The
primers targeting (F) p53-REL1 in the first intron, (G) p53-REZ2, (H) p53-RE3 and p53-RE4
in the second intron were used to quantify the p53-bound DNA. Enrichment of E2F7- and
p53-binding was normalized to non-specific control 1IgG. Analyses represent the mean of
three independent experiments. One-way ANOVA was performed to compare the data from
multiple experiments to determine the significance of E2F7 binding at a given site. *p < 0.05
and ***p < 0.001 indicate significant differences. Dis: dissimilarity.
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Figure 5. Chromatin confor mation capture (3C) reveals chromosomal looping of the two E2F7

binding sitesin MEF.

(A) Top: Schematic of 3C-qPCR primers targeting the Dpnl| restriction sites and E2F7
binding sites in the mouse £nppZ. Bottom: 3C-gPCR was performed in WT, p53-KO,

and p53R172H cells using Anchor-1 (associated with the E2F7-RE2) and forward primers
targeting E2F7-RE1 and promoter fragments. (B) Top: The schematic shows the primers
targeting p53-RE and E2F7 binding sites in the mouse £nppZ2 gene. Bottom: 3C-qPCR

was applied to measure the interaction frequency between Anchor-2 (associated with the
intronic p53-RE) and forward primers targeting E2F7-RE1 and promoter fragments. 3C
assay measuring the crosslinking frequency in (C) WT, (D) p53-KO, and (E) p53R172H MEF
transfected with E2F7 siRNA. Relative interaction frequency was normalized to GAPDH
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and plotted as the mean = SD (how many independent experiments?). *p < 0.05, **p<0.01,
and ***p < 0.001 indicate significant differences using ANOVA (n=3).
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Figure 6. E2F7 promotesthetranscription of Enpp2 in mouse cancer cells.
(A) B16-F10 melanoma cells were transfected with E2F7 siRNA and immunoblotting was

applied to measure the E2F7, ATX, and B-actin protein expression. (B) B16-F10 cells were
crosslinked with 4% (V/V) formaldehyde and total protein was extracted for ChlP-gPCR
analysis. ChIP primers were used to target the E2F7-RE in the mouse £npp2 gene. (C) 3C-
gPCR was applied to measure the interaction frequency between Anchor-1 (associated with
the intronic E2F7-RE2) and forward primers targeting E2F7-RE1 and promoter fragments
in B16-F10 cells. The quantitative data are represented as the mean = SD based on at least

FASEB J. Author manuscript; available in PMC 2024 July 01.

Page 24



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Linetal.

Page 25

three independent experiments. *p < 0.05, **p<0.01, and ***p < 0.001 indicate significant
differences.
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Figure 7. E2F7 regulates the expression of AT X in human cancer cell lines.
(A) Schematic of 3C-qPCR primers targeting the Mael restriction sites and TF binding sites

in the human ENPP2 gene. (B) 3C-gPCR was performed in WT and p53-KO HCT116 cells
using Anchor H (associated with the E2F7-RE2) and seven forward primers targeting E2F7-
RE1 and promoter fragments. Relative interaction frequency was normalized to GAPDH and
plotted as the mean = SD. E2F7 siRNA was applied to (C) SKOV3 and (D) MDA-MB-231
cells. Cells were transfected with 150 nM of scramble or E2F7 siRNA for 24 h. Total

protein was used for immunoblotting with antibodies against E2F7, ATX, and p-actin.
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Total cell lysates were fixed and subjected to ChIP-gPCR analysis with anti-E2F7 and
nonspecific control 1gG antibodies. Enrichment of E2F7-binding was normalized to the
nonspecific control 1gG. ChIP-qPCR was used to verify the interaction between E2F7 and
ENPPZ promoter in the (E) SKOV3 and (F) MDA-MB-231 cells. (G) 3C-gPCR was applied
to measure the interaction frequency between Anchor-H (associated with the intronic
E2F7-RE2) and forward primers targeting E2F7-RE1 and promoter fragments in human
SKOV3 and MDA-MB-231. The quantitative data are represented as the mean + SD of
three independent experiments. *p < 0.05, **p<0.01, and ***p < 0.001 indicate significant
differences.
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Table 1.

E2F7 DBD and DR mutations and plasmids designations

Plasmid name

Abbreviation

YFP-E2F7-R185A

M1

YFP-E2F7-R334A

M2

YFP-E2F7- R185A/R334A

M1M2

YFP-E2F7- ADR1

D1

YFP-E2F7- ADR2

D2

YFP-E2F7- ADR1/ADR2

D1D2
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