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ABSTRACT

Mammalian circRNAs can influence different cellu-
lar processes by interacting with proteins and other
nucleic acids. Here, we used ribonucleoprotein im-
munoprecipitation (RIP) analysis to identify system-
atically the circRNAs associated with the cancer-
related protein AUF1. Among the circRNAs interact-
ing with AUF1 in HeLa (human cervical carcinoma)
cells, we focused on hsa circ 0032434 (circPCNX),
an abundant target of AUF1. Overexpression of cir-
cPCNX specifically interfered with the binding of
AUF1 to p21 (CDKN1A) mRNA, thereby promoting
p21 mRNA stability and elevating the production of
p21, a major inhibitor of cell proliferation. Conversely,
silencing circPCNX increased AUF1 binding to p21
mRNA, reducing p21 production and promoting cell
division. Importantly, eliminating the AUF1-binding
region of circPCNX abrogated the rise in p21 lev-
els and rescued proliferation. Therefore, we propose
that the interaction of circPCNX with AUF1 selectively
prevents AUF1 binding to p21 mRNA, leading to en-
hanced p21 mRNA stability and p21 protein produc-
tion, thereby suppressing cell growth.

INTRODUCTION

AU-rich element RNA-binding factor 1 (AUF1), also
known as heterogeneous nuclear ribonucleoprotein D (HN-
RNPD), is an RNA-binding protein (RBP) consisting of
four different isoforms (p37, p40, p42 and p45). AUF1
was among the first AU-rich element RNA-binding pro-
teins to be purified, cloned and studied for its complex reg-
ulation of mRNA targets (1–4). Although AUF1 is pre-
dominantly known to promote decay of mRNAs encoding

cell cycle-regulatory proteins, inflammatory cytokines, on-
coproteins and apoptosis-related proteins [CCND1 (cyclin
D1), CDKN1A (p21), CDKN1B (p27), CDKN2A (p16),
RB, TNF (TNF�), IL1B (interleukin-1�), IL6, IL8, FOS,
JUND, MYC, BCL2, BAX], AUF1 was also found to sta-
bilize some mRNA targets, including PTH and VHL mR-
NAs (3), and to promote the translation of MYC and Mef2c
mRNAs (5,6). Besides binding RNAs to form ribonucle-
oprotein (RNP) complexes, AUF1 can also bind to DNA
and affect gene transcription, as shown for TERT (7,8).
Through these pleiotropic functions, AUF1 has been im-
plicated in controlling the gene expression programs that
drive processes such as proliferation, senescence, carcino-
genesis and the immune response (3,9). Notably, previ-
ous identification of AUF1 target RNAs en masse us-
ing PAR-CLIP (photoactivatable ribonucleoside-enhanced
crosslinking and immunoprecipitation) analysis revealed
many noncoding (nc)RNA targets of AUF1 (10); however,
this search was not designed to find AUF1 target circular
(circ)RNAs.

CircRNAs belong to a vast category of RNA molecules
generally lacking coding potential, covalently closed into
a circle, and usually generated through a backsplice event
during RNA splicing (11). Although circRNAs were first
discovered in 1979 by electron microscopy (12), only recent
advances in RNA sequencing and computational analysis
have permitted the accurate and systematic study of cir-
cRNAs, as well as investigation of their function in cellu-
lar processes (13). A growing body of evidence finds that
many circRNAs are expressed in tissue-specific patterns and
can govern cellular processes including proliferation, senes-
cence and differentiation (13–19). Accordingly, circRNAs
have been implicated in the pathogenesis of diseases in-
cluding cancer, autoimmunity and neurological disorders
(20–23). Given that circRNAs lack 5′ and 3′ ends, they are
protected from exonucleolytic decay and are believed to be
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long-lived molecules; hence, circRNAs are emerging as at-
tractive therapeutic agents and targets (24). Despite this re-
markable progress, the role of circRNAs in most cellular
processes remains largely unknown.

CircRNAs have emerged as promising potential regula-
tors of biological processes including neurogenesis, myo-
genesis, immune function and cancer (14,18,20,25). Here,
we sought to identify systematically the circRNA tar-
gets of AUF1. We employed RNP immunoprecipitation
(RIP) analysis followed by microarray analysis to iden-
tify bound circRNAs, and we validated a subset of them
using reverse transcription (RT) followed by quantita-
tive (q)PCR analysis. One of the highly enriched cir-
cRNA ligands in the AUF1 RIP cohort, hsa circ 0032434
(hsa circRNA 101387), which we renamed circPCNX be-
cause it is generated from the host gene PCNX, was selected
for further investigation. An abundant RNA in HeLa cells,
circPCNX levels were not affected by binding to AUF1, but
instead circPCNX caused a robust and selective reduction
in AUF1 binding to p21 mRNA, in turn leading to a rise in
both p21 mRNA and p21 protein levels and suppression of
cell growth.

MATERIALS AND METHODS

Cell culture and modulation of circPCNX levels

Human cervical carcinoma HeLa cells were cultured in
DMEM (Gibco) supplemented with 10% fetal bovine
serum (Gibco) and the antibiotics penicillin and strep-
tomycin (Gibco) at 37◦C in a humidified atmosphere.
For AUF1 ribonucleoprotein (RNP) immunoprecipitation
(RIP), RNA and protein analyses, 6 × 105 or 4 × 105

cells were seeded to either overexpress or silence cir-
cPCNX, respectively, in 60-mm dishes, unless otherwise in-
dicated. In overexpression experiments, 500 ng of empty
vector [pcDNA3 (EV)], pcDNA3-circPCNX, pcDNA3-
circPCNX(m1b), pcDNA3-AUF1 (a pool of four vec-
tors to express Flag-tagged p37, p40, p42, p45), 300
ng of pcDNA3-circPCNX(�1b), 100 ng of empty vec-
tor [pCMV6 (EV)], pCMV6-p21-3′wt or pCMV6-p21-3′del
were transfected using Lipofectamine® 2000 (Thermo
Fisher Scientific) following the manufacturer’s instructions.
For silencing, 100 ng of control (Ctrl), circPCNX or
AUF1 siRNAs (Integrated DNA Technologies) were trans-
fected using Lipofectamine® 2000. CircInteractome was
employed to design siRNAs spanning the circPCNX junc-
tion (26).

RNA isolation, reverse transcription (RT), quantitative
(q)PCR analysis and droplet digital (dd)PCR analysis

Total RNA was isolated using the Direct-zolTM RNA
MiniPrep kit (Zymo Research). For reverse transcription
(RT) followed by quantitative PCR (qPCR) analysis, 1 �g
of total RNA was employed. For qPCR analysis, 0.1 �l
cDNA was used with 250 nM of primers (Supplementary
Table S1) and KAPA SYBR® FAST qPCR Master Mix
(KAPA Biosystems). To assess the levels of circRNAs, di-
vergent primers spanning the respective junctions were de-
signed using CircInteractome (26). RT-qPCR analysis was
carried out on a QuantStudio 5 Real-Time PCR System

(Thermo Fisher Scientific) with a cycle setup of 3 min at
95◦C, 40 cycles of 5 s at 95◦C and 20 s at 60◦C. Relative
RNA levels were calculated after normalizing to GAPDH
mRNA using the 2−��Ct method.

Droplet digital PCR (ddPCR) analysis was employed
to quantify the number of circPCNX copies per cell. To-
tal RNA (1 �g) was reverse-transcribed and droplets were
generated using EvaGreen Supermix (Bio-Rad) on the
QX200™ AutoDG™ Droplet Digital™ PCR System (Bio-
Rad Laboratories). The PCR reaction contained 5 �l of
cDNA and 250 nM of divergent primers. The PCR ampli-
fication setup was: 5 min at 95◦C, 30 s at 95◦C followed by
60 s at 60◦C for 40 cycles, 5 min at 95◦C, and then held at
4◦C. The absolute copy numbers were assessed using QX200
Droplet Digital PCR System and calculated as described
(27). In addition, RNA copy number was estimated using
a reference mRNA of known abundance as described (28).
To estimate mRNA half-life, cells were treated with Actino-
mycin D (5 �g/ml) for up to 4 h.

Plasmids

Initially, circPCNX (pcDNA3-circPCNX) was cloned into
the vector pcDNA3.1, a kind gift from Dr Sebas-
tian Kadener (29). Briefly, genomic DNA was used
to amplify sequences upstream and downstream of the
circPCNX sequence. The pcDNA3-circPCNX plasmid
was then employed as a template to generate the cir-
cPCNX variants: the mutant plasmid circPCNX [pcDNA3-
circPCNX(m1b)] and the truncated plasmid circPCNX
[pcDNA3-circPCNX(�1b)].

The full-length 3′UTR of p21 mRNA was cloned into
psiCHECK2 vector (Promega), downstream of the Re-
nilla luciferase (RL) open reading frame, using as template
the p21 3′UTR described earlier (30) (psiCHECK2-p21-
3′wt); this template was also employed to generate the trun-
cated p21 3′UTR (psiCHECK2-p21-3′del). A plasmid ex-
pressing the coding region of p21 mRNA was obtained
from OriGene (Cat. # SC119947) and the aforementioned
p21 3′UTRs were then ligated; the resulting plasmids were
named pCMV6-p21-3′wt or pCMV6-p21-3′del harboring
the entire p21 mRNA coding sequence and either an in-
tact or truncated 3′UTR, respectively. The primer pairs em-
ployed to generate the plasmids are listed in Supplementary
Table S1. All plasmids were verified by sequencing.

Ribonucleoprotein (RNP) immunoprecipitation (RIP) analy-
sis and microarray analysis

The association of endogenous AUF1 with circRNAs and
mRNAs was analyzed by RIP analysis as described (31,32).
Briefly, HeLa cells were lysed in polysome extraction buffer
(PEB; 20 mM Tris–HCl at pH 7.5, 100 mM KCl, 5 mM
MgCl2 and 0.5% NP-40) supplemented with 1% protease
inhibitor cocktail and 100 units of RiboLOCK RNase in-
hibitor (Thermo Fisher Scientific), for 10 min on ice. Fol-
lowing a 30-min centrifugation at 10 000 × g, the super-
natants were collected, and 1 mg of cell lysate was incubated
with protein A sepharose beads (GE Healthcare) coated
with 2 �g of either anti-AUF1 (Millipore, Cat. No. 07-260)
or control IgG (BD Biosciences, Cat. No. 557273) antibod-
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ies for 2 h at 4◦C. The beads were then washed with ice-
cold NT2 buffer (50 mM Tris–HCl [pH 7.5], 150 mM NaCl,
1 mM MgCl2, 0.05% NP-40)]; the bound RNA was ex-
tracted from the beads using Direct-zol™ RNA MiniPrep
kit (Zymo Research) and subjected to circRNA microarray
analysis (Arraystar; Supplementary Table S2). To validate
the microarray analysis or perform additional AUF1 RIP
assays for the circRNA variants or the p21 mRNA, the iso-
lated RNA was subjected to RT-qPCR analysis as described
above.

Cell counting, BrdU incorporation and cell cycle

To assess population growth, 4 × 104 or 2 × 104

cells/well were plated to either overexpress or silence cir-
cPCNX, respectively, and then either counted or sub-
jected to BrdU incorporation analysis. For overexpression,
30 ng of pcDNA3 (EV), pcDNA3-circPCNX, pcDNA3-
circPCNX(m1b), pcDNA3-AUF1 or 10 ng of pcDNA3-
circPCNX(�1b) were transfected using Lipofectamine®

2000, following the manufacturer’s instructions. For silenc-
ing, 50 ng of Ctrl, circPCNX or AUF1 siRNAs were trans-
fected using Lipofectamine® 2000. For circPCNX-p21
mRNA cotransfection, 50 ng of Ctrl or circPCNX siRNA
were cotransfected with 100 ng of pCMV6 (EV), pCMV6-
p21-3′wt or pCMV6-p21-3′del using Lipofectamine® 2000,
following the manufacturer’s instructions. Cell proliferation
was assessed using the BrdU Cell Proliferation Assay (Cell
Signaling Technology). Briefly, BrdU was added one day af-
ter transfection and the incorporation was detected for up
to four or five days by reading at 450 nm on a Victor 3V
plate reader (Perkin Elmer). Total cells and dead cells were
counted on an automatic cell counter (Bio-Rad) after stain-
ing with 0.4% Trypan Blue (Gibco).

To trigger cell cycle arrest, 5 × 104 cells were treated
with two 18-h cycles of 2 mg/ml of Thymidine (33), where-
upon RNA was isolated for RT-qPCR analysis and cell cy-
cle distribution was assessed by flow cytometry. For cell
cycle distribution analysis, cells were permeabilized using
70% ethanol for 30 min at 4◦C, washed with PBS, and then
treated with 10 �g/ml of RNase A for 15 min at 37◦C; cells
were then washed with PBS and stained with 2 �g/ml of
propidium iodide (PI) for 15 min at 25◦C in the dark. PI in-
tensity per particle was assessed using BD FACS Canto™ II.

Western blot analysis

Cells were lysed in RIPA buffer (10 mM Tris–HCl, 150
mM NaCl, 1 mM EDTA, 1% NP-40, 0.1% SDS) sup-
plemented with 1× protease and phosphatase inhibitor
cocktail (Thermo Scientific) for 10 min on ice. Following
a 10-min centrifugation at 10 000 × g, the supernatants
were collected and whole-cell extracts were separated by
SDS-PAGE and transferred onto nitrocellulose membranes
(Trans-Blot® Turbo™ RTA Transfer Kit, Bio-Rad). Mem-
branes were then blocked in 5% milk in TBS at 25◦C for 1
h. Incubation with antibodies recognizing AUF1 (Millipore
Sigma, Cat. No. 07-260), GAPDH (Santa Cruz Biotechnol-
ogy, Cat. No. sc-32233), HDAC3 (Santa Cruz Biotechnol-
ogy, Cat. No. sc-11417), HSP90 (Santa Cruz Biotechnol-
ogy, Cat. No. sc-69703) and p21 (Santa Cruz Biotechnology,

Cat. No. sc-53870), diluted in 1% milk in TBS-Tween, was
carried out for 16 h at 4◦C; membranes were then washed
three times with TBS–Tween for 5 min and incubated for
1 h with secondary antibodies conjugated with horseradish
peroxidase (KwikQuant) diluted in 1% milk in TBS-Tween,
then washed three times with TBS-Tween for 5 min, at 25◦C.
Membranes were developed using Enhanced Chemilumi-
nescence (ECL), and digitized images were captured using
KwikQuant Imager (Kindle Biosciences). ImageJ software
was employed to assess the band densities.

Biotin pulldown analysis

HeLa cells were lysed in PEB buffer for 10 min on ice,
and 200 ng of whole-cell extracts were incubated with 1 �g
of either (i) custom-designed partially overlapping biotiny-
lated fragments 1–5, or (ii) a biotinylated fragment spanning
the circPCNX junction, or (iii) a pool of fragments span-
ning p21 mRNA for 30 min at 25◦C. The reaction was sup-
plemented with TENT binding buffer (10 mM Tris–HCl,
250 mM NaCl, 1 mM EDTA, 0.5% Triton X100, pH), 200
units of RiboLOCK, and protease inhibitors. Biotinylated
complexes were pulled down with prewashed Streptavidin-
coupled Dynabeads (Invitrogen) following a 30-min incu-
bation at 25◦C. Beads were then washed three times for 5
min at 25◦C with TENT buffer, whereupon sample buffer
was added to the beads and western blot analysis was
performed to assess AUF1 enrichment. TriPure Isolation
Reagent (Sigma) was added to the beads and RNA was ex-
tracted using the Direct-zol™ RNA MiniPrep kit to assess
the enrichment in p21 mRNA and circPCNX.

Luciferase reporter analysis

To test the impact of the p21 3′UTR, dual reporter plas-
mids psiCHECK2-p21-3′wt and psiCHECK2-p21-3′del
were generated. The p21 full-length 3′UTR (wild-type,
3′wt) or 3′UTR with a deletion of the AUF1 binding site
(3′del) were cloned downstream of the renilla luciferase (RL)
open reading frame in psiCHECK2. Plasmid psiCHECK2
also constitutively expresses firefly luciferase (FL) to nor-
malize for transfection efficiency. Cell cultures (4 × 105

cells/well) were cotransfected with 250 ng of the dual re-
porter constructs and either 250 ng of pcDNA3-AUF1 or
50 ng of circPCNX siRNA or their respective controls us-
ing Lipofectamine® 2000 (Thermo Fisher Scientific). Cells
were lysed and luciferase activities were assessed using a
dual-luciferase assay kit (Promega) on a Victor 3V plate
reader (Perkin Elmer). In experiments measuring RL and
FL activities, the levels of expressed RL mRNA (without
or with ectopic 3′UTR) and FL mRNA were routinely mea-
sured by RT-qPCR analysis.

Immunofluorescence

AUF1 immunofluorescence was carried out as described
(34). Briefly, 500 cells/well were plated in chamber slides
(Thermo Scientific Nunc), fixed 24 h later with 4%
formaldehyde, permeabilized with 0.2% Triton X-100, and
blocked in 10% normal goat serum for 1 h at 37◦C (Life
Technologies). After blocking, cells were incubated with
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anti-AUF1 antibody in 10% normal goat serum for 1 h at
37◦C and then with a secondary antibody linked to Alexa
Fluor 568 (Life Technologies) in 10% normal goat serum for
30 min at 37◦C. Slides were then washed three times with 1×
PBS, the nuclei were stained with DAPI (Dojindo Labora-
tories) for 15 min at 25◦C, and mounting media (Life Tech-
nologies) was employed to cover the cells. Visualization of
the staining was performed with Zeiss LSM 880.

Statistical analysis

All experiments were carried out a minimum of three times
unless otherwise stated. Quantitative data are represented
as the means ± SD, and compared statistically by unpaired
Student’s t test, using SigmaPlot (12.0). Statistical signifi-
cance was indicated as follows: *P ≤ 0.05, **P ≤ 0.01, ***P
≤ 0.001. Graphs were generated using GraphPad Prism
(8.0) or FlowJO (10.0).

RESULTS

Circular RNA targets of AUF1

To identify circRNAs interacting with AUF1, an RBP
linked to many conditions exacerbated with age, such as
cancer, muscle loss and cell senescence, we employed hu-
man cervical carcinoma HeLa cells. We performed ribonu-
cleoprotein immunoprecipitation (RNP IP or RIP) analy-
sis using an anti-AUF1 antibody under IP conditions that
preserved native interactions. RNA isolated from the RIP
complexes was reverse-transcribed and studied by circRNA
microarray (chip) analysis (Figure 1A, schematic, Supple-
mentary File S2). The circRNAs that were at least 3-fold
enriched in one or more of the AUF1 RIP-chip analyses
were then validated by reverse transcription (RT) followed
by real-time quantitative (qPCR) analysis, using divergent
primers that amplified the junction sequences of the cir-
cRNAs. Of the top 10 most highly enriched circRNAs in
the AUF1 RIP (Figure 1A, right), we initially focused on
three abundant circRNAs in HeLa cells, hsa circ 0009361,
hsa circ 0083902 and hsa circ 0032434 (Figure 1B, left).
Given that we were subsequently unable to overexpress or
silence hsa circ 0009361 and hsa circ 0083902 (not shown),
these circRNAs were not analyzed further. We tested an ad-
ditional 10 AUF1-associated circRNAs, but all were less
enriched by AUF1 RIP analysis and were less abundant
than hsa circ 0032434, while 10 circRNAs that did not as-
sociate with AUF1 in RIP microarray were confirmed not
to be enriched by AUF1 RIP analysis (not shown). In sum,
hsa circ 0032434 was selected for deeper analysis; we re-
named it circPCNX as it was generated from a linear RNA
transcribed from the gene PCNX; PCNX is an evolutionar-
ily conserved transmembrane protein.

Distribution and abundance of AUF1 and circPCNX

circPCNX is 203 nucleotides (nts) in length and arises from
exon 11 of the PCNX mRNA (NM 014982.3, positions
3186–3388). RT-qPCR analysis of RNA from fractionated
lysates revealed that circPCNX was predominantly (70%)
cytoplasmic (Figure 2A); 7SL and 7SK RNAs were in-
cluded as controls for the cytoplasmic and nuclear fractions,

respectively (Figure 2A) (35). After fractionating HeLa cells
into nuclear and cytoplasmic lysates, AUF1 RIP followed
by RT-qPCR analysis revealed that both nuclear and cyto-
plasmic circPCNX associated with AUF1 (not shown). To
further study the impact of circPCNX, we modulated its lev-
els by silencing and overexpressing it. To silence circPCNX,
we tested three different small interfering (si)RNAs span-
ning the circPCNX junction (Figure 2B, Supplementary
Figure S1, Materials and Methods) and used siRNA #1
(hereafter siRNA) for subsequent studies. Under basal con-
ditions circPCNX was present in 4–6 copies per cell as as-
sessed by droplet digital PCR (ddPCR) and qPCR anal-
ysis (28) (Materials and Methods); ∼3–4 copies and ∼1–
2 copies in the cytoplasm (CYTO) and nucleus (NUC),
respectively (Figure 2B, left). Silencing circPCNX signifi-
cantly reduced its abundance to 1–2 copies per cell, almost
exclusively cytoplasmic (Figure 2B, left); as measured by
RT-qPCR analysis, silencing reduced circPCNX expression
levels by 75% and 50% at days 1 and 3 after transfection,
respectively (Figure 2B, right).

To perform gain-of-function experiments, we designed
vector pcDNA3-circPCNX to overexpress circPCNX (Ma-
terials and Methods). After transfection, RT followed by
ddPCR and qPCR analyses revealed that overexpression
of pcDNA3-circPCNX increased circPCNX levels overall,
reaching ∼190 copies/cell as estimated by ddPCR analy-
sis (Figure 2C, left), 120–130 copies in the cytoplasm, 50–
60 copies in the nucleus, corresponding to ∼20- to 40-fold
increases at days 1 and 3 after transfection, respectively
(Figure 2C, right). These results are summarized in Figure
2D. Importantly, neither overexpression nor silencing of cir-
cPCNX significantly altered the levels of PCNX mRNA,
enabling further analysis of circPCNX function (Figure 2B,
C).

We then sought to explore the stoichiometry of the
AUF1-circPCNX interaction more thoroughly by investi-
gating the subcellular localization of AUF1 (Figure 2E). In
line with previous observations in HeLa cells (36,37), AUF1
was predominantly localized in the nucleus as shown by mi-
croscopy and western blot analysis (Figure 2E and Supple-
mentary Figure S1B). We monitored the levels of GAPDH
and HDAC3 as controls for cytoplasmic and nuclear lysates,
respectively (Figure 2E, right). Notably, the lower abun-
dance of AUF1 in the cytoplasm––the compartment where
circPCNX was predominantly localized––permits a stoi-
chiometry that favors circPCNX interactions with AUF1.
However, it was challenging to establish an accurate num-
ber of AUF1 molecules per cell due to a number of factors.
Briefly, AUF1 has 4 isoforms (p37, p40, p42, p45), but es-
tablishing which endogenous isoform associated with cir-
cPCNX was not possible given the present lack of commer-
cial AUF1 isoform-specific antibodies. In addition, while
AUF1 phosphorylation can affect binding (38,39), it was
not possible to determine whether HeLa AUF1 was phos-
phorylated in the cytoplasm or whether phosphorylation in-
fluenced binding to circPCNX; the impact of AUF1 phos-
phorylation on the fate of target RNAs remains unknown.
Furthermore, the relative concentration of AUF1 and cir-
cPCNX in different subcytoplasmic areas has not been
studied, even though their relative concentration in specific
regions of the cell may help explain the influence of cir-
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Figure 1. circPCNX is an abundant circRNA target of AUF1. (A) Schematic of the RIP assay and the downstream analysis (left). Validation of the
circRNA targets of AUF1 in HeLa cells, as detected by RIP followed by microarray analysis (RIP-chip). The top 10 enriched circRNAs in the AUF1 IP
are depicted (right). All circRNA values in the RIP were initially normalized to 18S rRNA and then the levels of the individual circRNAs in AUF1 RIP
were normalized to the levels of those circRNAs in control IgG IP. CCND1 mRNA, a target of AUF1, was included as a positive control. The data are
plotted as ‘enrichment’ in AUF1 IP relative to IgG IP. (B) Basal expression levels of the top 10 circRNAs highly enriched by AUF1 RIP in HeLa cells (left);
data were normalized to GAPDH mRNA levels. Table listing the top 10 candidates including the circRNA ID, the alias name and the host gene (right).
a.u., arbitrary units. Data in (A, B) represent the mean values ± SD from four biological replicates. Significance was established using Student’s t-test. * P
≤ 0.05; ** P ≤ 0.01.

cPCNX on AUF1 actions. Here too, the required detec-
tion tools are not yet available. Other factors influencing
the number of AUF1 molecules associating with circPCNX
are mentioned below (Discussion). Given the limitations of
quantifying circPCNX and AUF1 molecules in the cell, we
focused on the empirical consequences of lowering or over-
expressing each one, the ‘functional stoichiometry’ of cir-
cPCNX and AUF1.

To begin testing if there was a functional consequence
of the binding of AUF1 and circPCNX, we first examined
if silencing or overexpressing circPCNX influenced AUF1
levels and/or subcellular localization. As shown, neither
AUF1 levels (Supplementary Figure S1C) nor its subcel-
lular distribution (Figure 2F) changed significantly by al-
tering circPCNX abundance. In sum, circPCNX is a mod-
erately abundant circRNA that associates with AUF1 and
does not modulate AUF1 levels or subcellular localization.

circPCNX suppresses cell proliferation

We then tested whether changing AUF1 levels might alter
circPCNX levels. AUF1 was overexpressed in HeLa cells
using a pool of four plasmids (pcDNA3-AUF1), each ex-
pressing one AUF1 isoform, p37, p40, p42, p45 and it was
silenced using a pool of siRNAs (AUF1 siRNA) (Materials
and Methods). Forty-eight h after transfection with plas-
mids or siRNAs, the levels of AUF1 mRNA and AUF1 pro-
tein were assessed by RT-qPCR and western blot analyses,
respectively (Figure 3A). Despite the fact that AUF1 de-
creases the stability of subsets of mRNAs (4), overexpres-
sion or silencing of AUF1 did not significantly affect the
levels of circPCNX, other circRNAs or the respective host
mRNAs (Figure 3B and Supplementary Figure S2A, B).

Given that altering AUF1 levels did not change cir-
cPCNX abundance, we asked the converse question,
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Figure 2. Stoichiometric analysis and modulation of the levels of AUF1 and circPCNX. (A) Subcellular localization of circPCNX. The relative levels of
circPCNX in each subcellular compartment, cytoplasm (CYTO) and nucleus (NUC), fractionated as explained in Materials and Methods, were assessed
by RT-qPCR analysis. 7SL (a cytoplasmic RNA) and 7SK (a nuclear RNA) were included as fractionation controls. (B) The numbers of circPCNX copies
per cell or cell compartment were assessed by ddPCR analysis 3 days after transfection with control (Ctrl) siRNA or an siRNA directed at circPCNX
(left). The relative levels of circPCNX and PCNX mRNA one or three days later in each siRNA transfection group were assessed by RT-qPCR analysis
(right). (C) The numbers of circPCNX per cell or cell compartment were assessed by ddPCR analysis 3 days after transfection with an empty vector
[pcDNA3(EV)] or with a vector to overexpress circPCNX (pcDNA3-circPCNX) (left). The relative levels of circPCNX and PCNX mRNA one or three
days after transfection were assessed by RT-qPCR analysis (right). (D) Table summarizing copy numbers per cell in the cultures described in panels B and
C, as estimated by ddPCR analysis at day 3 following transfection. (E) Subcellular localization of AUF1 in HeLa cells using microscopy (left) and western
blot analysis (right). DAPI-stained cell nuclei; the levels of GAPDH and HDAC3 served to monitor the cytoplasmic and nuclear fractionation, respectively
(right). SE, short exposure; LE, long exposure. (F) Western blot analysis of the subcellular localization of AUF1 two days after transfection to either
overexpress or silence circPCNX. GAPDH and HDAC3 were assayed to monitor loading and the quality of the cytoplasmic and nuclear fractionation
procedures. Data in (B, C) represent the mean values ± SD from three biological replicates. Significance was established using Student’s t-test. * P ≤ 0.05,
** P ≤ 0.01 or *** P ≤ 0.001.
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Figure 3. circPCNX negatively affects cell proliferation. (A) Overexpression or silencing of AUF1. Three days after transfection of either empty plasmid
pcDNA3(EV) or plasmids expressing each of the four Flag-tagged AUF1 isoforms, as well as following transfection of control (Ctrl) siRNA or siRNAs
directed at all four AUF1 isoforms (AUF1 siRNA), the levels of AUF1 protein as well as loading control HSP90 were assessed by western blot analysis
(left) and the levels of AUF1 mRNA (all isoforms, right) by RT-qPCR analysis. (B) Effect of AUF1 overexpression (left) or silencing (right) on the levels of
circPCNX and PCNX mRNA as determined by RT-qPCR analysis three days after transfection. (C, D) Proliferation of HeLa cells was measured at the
indicated times following circPCNX overexpression (C) or silencing (D) as described in Figure 2, by assaying BrdU incorporation. (E, F) Proliferation of
HeLa cells was measured at the indicated times following AUF1 silencing (E) or overexpression (F) as described in Figure 2, by assessing BrdU incorpora-
tion. Data in (A–F) represent the mean values ± SD from three biological replicates. Significance was established using Student’s t-test. n.s. not significant;
* P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001.
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whether overexpressing or silencing circPCNX modulated
AUF1 function. In the course of these experiments, we ob-
served that modulating circPCNX levels changed the rates
of cell proliferation. To examine this phenotype more di-
rectly, 2 days after transfection, we counted cells each day
for the following 5 days. Overexpression of circPCNX led
to a prominent decrease in cell numbers, whereas circPCNX
silencing caused a significant increase in cell numbers com-
pared to the respective controls (Supplementary Figure
S3A, B). Interestingly, the effects of altering AUF1 levels on
cell number mirrored the effects of modulating circPCNX:
silencing AUF1 decreased cell counts while overexpressing
AUF1 increased cell numbers over the ensuing five days
(Supplementary Figure S3C, D). Importantly, the observed
changes in cell numbers were not due to changes in cell vi-
ability (Supplementary Figure S3E–H).

In light of the findings that cell numbers changed while
cell viability appeared unaltered, we hypothesized that cir-
cPCNX affected cell proliferation. To investigate this pos-
sibility, we assayed BrdU incorporation (Materials and
Methods) in cells in which AUF1 and circPCNX levels were
altered. Briefly, BrdU incorporation was measured 2 days
after transfection and once daily for the following 5 days.
Akin to the results from cell counting, circPCNX overex-
pression significantly inhibited cell proliferation ∼40–50%
throughout a 5-day span (Figure 3C), while circPCNX si-
lencing accelerated cell proliferation (Figure 3D). In fur-
ther agreement with the cell counting data, AUF1 inhibi-
tion lowered cell proliferation rate (by ∼40–50%), whereas
AUF1 overexpression modestly accelerated cell prolifera-
tion (Figure 3E, F). Taken together, these findings indicate
that overexpressing circPCNX or silencing AUF1 in HeLa
cells reduced population growth, while silencing circPCNX
or overexpressing AUF1 promoted cell proliferation.

circPCNX attenuates AUF1 binding to p21 mRNA

AUF1 binds and affects the stability of many RNAs im-
plicated in cell proliferation (10,40), including coding tran-
scripts (CCNB1, CCND1, IL6, IL8, p21, p16, TERT and
AUF1 mRNAs) and long noncoding (lnc)RNAs (NEAT1
and MALAT1). To investigate if the effects on population
growth by modulating circPCNX and AUF1 levels were
linked, we studied whether circPCNX modulated the im-
pact of AUF1 on these target RNAs. Overexpressing or si-
lencing circPCNX altered the levels of CCNB1, IL6 and IL8
mRNAs in only one of these conditions, whereas lncRNA
NEAT1 and TERT mRNA changed moderately in both
conditions (Supplementary Figure S4A, B). Interestingly,
the levels of AUF1 target p21 (CDKN1A) mRNA, encoding
a potent suppressor of proliferation (40–42), were signifi-
cantly affected by changes in circPCNX levels. AUF1 was
previously shown to bind to the p21 mRNA 3′ untranslated
region (UTR) and promoted p21 mRNA decay (10,40).

After overexpressing circPCNX for 24 h, RIP analysis
indicated that AUF1 binding to p21 mRNA was signifi-
cantly attenuated (25% lower), while AUF1 binding to cir-
cPCNX increased ∼ twofold; there was no significant en-
richment of the linear host (PCNX mRNA) in the AUF1
RIP (Figure 4A and Supplementary Figure S5A). Of note,
pcDNA3-circPCNX did not appear to give rise to sub-

stantial levels of linear RNA products, and only circular-
ized RNA (ectopic circPCNX) was found to bind AUF1
(not shown). Given that AUF1 is known to destabilize p21
mRNA (10,40), we then assessed p21 mRNA stability fol-
lowing circPCNX overexpression. Using Actinomycin D to
block de novo transcription in order to assess mRNA half-
life, we found that overexpressing circPCNX for 24 h in-
creased p21 mRNA half-life; the stable transcript ACTB
mRNA and the labile, cell cycle-related transcript activat-
ing transcription factor 1 (ATF1) mRNA were included as
control transcripts that were not affected by changes in cir-
cPCNX levels (Figure 4B and Supplementary Figure S5C)
(43,44). To examine the impact of this enhanced p21 mRNA
stability, we performed both RT-qPCR and western blot
analyses 1 and 3 days after transfection to assess changes
in p21 mRNA and p21 protein levels, respectively. In line
with the decline in AUF1 binding to p21 mRNA, there was
a 2- to 3-fold rise in p21 mRNA levels (Figure 4C) and a ro-
bust increase in p21 protein levels (Figure 4D) at both time
points after transfection.

We then examined the effects of silencing circPCNX for
24 h. RIP analysis indicated that silencing circPCNX re-
duced the association of AUF1 with circPCNX (by ∼50%),
but it significantly increased the binding of AUF1 to p21
mRNA by up to 1.5-fold compared to the control (Ctrl)
siRNA transfection group (Figure 4E and Supplementary
Figure S5B). In line with this finding, increased binding of
AUF1 to p21 mRNA promoted p21 mRNA decay, whereas
the levels of ACTB and ATF1 mRNAs were unchanged
(Figure 4F and Supplementary Figure S5D). Along with
enhanced decay, p21 mRNA levels decreased by 75% or 30%
by 1 and 3 days after transfection, respectively, as shown
by RT-qPCR (Figure 4G). Consequently, there was a ro-
bust reduction in p21 protein levels, as identified by west-
ern blot analysis (Figure 4H); as anticipated, this reduction
was reversed and p21 levels were restored by silencing AUF1
(not shown). In conclusion, increasing circPCNX levels re-
duced AUF1 binding to p21 mRNA and elevated p21 pro-
duction, while conversely, decreasing circPCNX increased
AUF1 binding to p21 mRNA and reduced p21 levels.

AUF1 binding site in circPCNX

To continue to ascertain if the impact of circPCNX on pro-
liferation was dependent on the control of p21 expression
by AUF1, we set out to map the site(s) of AUF1 interac-
tion on circPCNX. We generated five biotinylated RNAs
spanning the length of circPCNX (Figure 5A, schematic),
incubated them with HeLa whole-cell protein lysates, pulled
down the biotinylated RNP complexes with streptavidin
beads, and performed western blot analysis to detect AUF1
in the RNPs. After finding that AUF1 bound RNA seg-
ment 1 (Figure 5A), we generated additional biotinylated
RNAs to narrow down the binding site. Although both seg-
ments 1a and 1b were AU-rich, the classic sequences of in-
teraction with AUF1, segment 1a bound only weakly while
segment 1b had strong affinity for AUF1. Within fragment
1b, we identified the AU-rich sequence AUUAACUUU re-
sembling an AUF1 binding site. Interestingly, this sequence
(green in Figure 5A) is proximal to, but does not include, the
circPCNX junction (red ‘GA’ dinucleotide in Figure 5A).
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Figure 4. Effects of circPCNX on p21 mRNA and p21 protein. (A–D) AUF1 binding to p21 mRNA (A), p21 mRNA stability (B), p21 mRNA levels (C),
and p21 protein levels (D) were assessed after transfection with pcDNA3(EV) or with pcDNA-circPCNX to overexpress circPCNX. (A) AUF1 binding
to circPCNX, PCNX mRNA and p21 mRNA was assessed one day after transfection; values were first normalized to the levels of a transcript (GAPDH
mRNA) that encodes a housekeeping protein, and afterwards normalized to the RNA levels in the IgG IP. (B) One day after transfection, cells were treated
with Actinomycin D to block de novo transcription for the times indicated, and the time required for p21 mRNA to reach 50% of its initial abundance (the
half-life) in each transfection group was assessed by RT-qPCR analysis. A stable transcript (ACTB mRNA) was included as control. At one and three days
after transfection of plasmids, changes in the levels of p21 mRNA (C) or p21 protein (D) were assessed by RT-qPCR and western blot analyses, respectively.
(E–H) AUF1 binding to p21 mRNA (E), p21 mRNA stability (F), p21 mRNA levels (G), and p21 protein levels (H) were assessed after transfection with
Ctrl siRNA or circPCNX siRNA to silence circPCNX. (E) AUF1 binding to circPCNX, to PCNX mRNA and to p21 mRNA was assessed one day after
transfection; as above, values were first normalized to GAPDH mRNA, and afterwards normalized to RNAs in the IgG IP. (F) One day after transfection,
cells were treated with Actinomycin D to block de novo transcription for the times indicated, and the time required for p21 mRNA to reach 50% of its
initial abundance (the half-life) in each transfection group was assessed by RT-qPCR analysis. A stable transcript (ACTB mRNA) was included as control.
At one and three days after siRNA transfections, changes in the levels of p21 mRNA (G) or p21 protein (H) were assessed by RT-qPCR and western blot
analyses, respectively. Data in (A–C, E–G) represent the mean values ± SD from three biological replicates. Significance was established using Student’s
t-test. ** P ≤ 0.01 or *** P ≤ 0.001.



1640 Nucleic Acids Research, 2021, Vol. 49, No. 3

Figure 5. Site of AUF1 binding to circPCNX. (A) Schematic of the biotinylated circPCNX fragments (blue) used in biotin pulldown experiments. NTC,
negative control; m, mutant. The green and red colors indicate the AUF1 binding site and the junction, respectively. Purified fragments 1–5 as well as
the ‘Partial transcripts’ shown were incubated with HeLa whole-cell lysates and the interaction with AUF1 was revealed after pulldown using streptavidin
beads, followed by western blot analysis to identify AUF1 in the pulldown material. (B) Schematic of the three circPCNX variants expressed from engineered
plasmid vectors, employed in the study. In circPCNX(m1b) the 9-mer AUF1-binding segment was mutated whereas in circPCNX(Δ1b) it was deleted.
(C) Relative levels of circPCNX or PCNX mRNA in cells transfected with the plasmids shown in panel B, three days following transfection. (D) Twenty-
four hours after transfecting HeLa cells with the plasmids shown, the association of circPCNX (or PCNX mRNA in control reactions) with AUF1 was
measured by RIP followed by RT-qPCR analysis and represented as ‘fold enrichment’. Data in (C, D) represent the mean values ± SD from four biological
replicates. Significance was established using Student’s t-test. ** P ≤ 0.01 or *** P ≤ 0.001.

Further evidence that AUF1 bound to region 1b was
sought by mutating [m1b] or deleting [�1b], the AU-rich
nucleotides in 1b from the pcDNA-circPCNX expression
vector (Figure 5B). As shown, transfection of these plas-
mids led to comparable expression levels of circPCNX (in-
tact), circPCNX(m1b) or circPCNX(Δ1b) and did not af-
fect PCNX mRNA levels (Figure 5C). We then assessed
whether modifying site 1b influenced AUF1 binding to cir-
cPCNX by AUF1 RIP followed by RT-qPCR analysis 24
h after plasmid transfection. We found that AUF1 showed
enhanced binding only to ectopic circPCNX, but not to
circPCNX(m1b) or circPCNX(Δ1b), where binding was
found to be at basal levels as observed in cells transfected
with the control pcDNA3 (EV) (Figure 5D). These findings
confirmed that AUF1 bound specifically to circPCNX seg-
ment 1b.

Interfering with the circPCNX-AUF1 complex restores cell
proliferation

Following the identification of AUF1 binding to circPCNX,
we sought to investigate whether overexpression of the trun-
cated or mutated circPCNX might influence the ability of
AUF1 to bind p21 mRNA. We transfected all four plas-
mids and tested the ability of AUF1 to bind p21 mRNA

in cells that overexpressed circPCNX, circPCNX(m1b) or
circPCNX(Δ1b), relative to cells transfected with pcDNA3
(EV). Briefly, 24 h after transfection, we lysed cells and per-
formed AUF1 RIP followed by RT-qPCR analysis to assess
the enrichment of p21 mRNA in AUF1 IP. As seen earlier,
overexpressing circPCNX reduced significantly AUF1 bind-
ing to p21 mRNA as compared to similar binding in control
cells [pcDNA3 (EV)] (Figure 6A). Interestingly, however,
expression of either circPCNX(m1b) or circPCNX(Δ1b)
did not reduce the AUF1 binding to p21 mRNA, indicating
that the region of interaction of circPCNX with AUF1 was
required to prevent AUF1 binding to p21 mRNA (Figure
6A and Supplementary Figure S6A). In line with these ob-
servations, the rise in p21 mRNA levels observed when cir-
cPCNX was overexpressed (and consequently AUF1 bind-
ing to p21 mRNA was reduced) was lost after expressing
circRNAs circPCNX(m1b) or circPCNX(Δ1b), which did
not bind AUF1, further supporting the view that prevent-
ing AUF1 binding to p21 mRNA through possible com-
petition with circPCNX led to a rise in p21 mRNA ex-
pression (Figure 6B). In turn, overexpressing either cir-
cPCNX(m1b) or circPCNX(Δ1b) did not cause the rise
in p21 protein levels seen after overexpressing circPCNX
(Figure 6C).
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Figure 6. AUF1 binding to p21 mRNA is attenuated by circPCNX, but not by mutant circPCNX unable to bind AUF1. (A) Twenty-four hours after
transfecting HeLa cells with the plasmids shown, the association of p21 mRNA (or ACTB mRNA, in control reactions) with AUF1 was measured by RIP
followed by RT-qPCR analysis and represented as ‘fold enrichment’. (B, C) In HeLa cells transfected with the plasmids indicated, the levels of p21 mRNA
(B) were assessed 3 days after transfection by RT-qPCR analysis, and the levels of p21 protein (C) were assessed one and three days after transfection by
western blot analysis, including GAPDH as loading control. (D) At the times shown following transfection of HeLa cells with the plasmids indicated, cell
proliferation in each transfection group was assessed by using BrdU incorporation analysis. Data in (A, B, D) represent the mean values ± SD from four
biological replicates. Significance was established using Student’s t-test. * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001.

Finally, we monitored cell proliferation in populations
that expressed different p21 levels resulting from intact or
modified circPCNX. As measured by cell counting and
BrdU incorporation analysis over 5 days following trans-
fection, proliferation progressed robustly in control cells
[pcDNA3 (EV)] and in cells expressing circPCNX(m1b) or
circPCNX(Δ1b), but declined when the intact circPCNX
was overexpressed (Figure 6D and Supplementary Figure
S6B, C). Taken together, these findings indicate that overex-
pression of circPCNX, a circRNA capable of binding AUF1
and thus preventing AUF1 binding to p21 mRNA, elevated
p21 expression and reduced cell proliferation; by contrast,
overexpression of circPCNX mutants unable to bind AUF1
led to the preservation of AUF1-p21 mRNA complexes, re-
taining low levels of p21 and active cell division.

circPCNX affects AUF1 binding to the 3′UTR of p21 mRNA

AUF1 controls p21 mRNA stability by binding the p21
3′UTR (40). Therefore, we sought further validation that
the circPCNX-AUF1 complex governed the changes in
p21 mRNA and p21 protein levels through the AUF1-
binding site on the p21 3′UTR. To this end, we cloned in
plasmid psiCHECK2, immediately downstream of the re-
porter renilla luciferase (RL) open reading frame, an in-

tact [wild-type full-length (3′wt)] 3′UTR of p21 mRNA
(psiCHECK2-p21-3′wt) or a truncated (deletion) 3′UTR
of p21 mRNA (psiCHECK2-p21-3′del) lacking the AUF1-
binding site identified by AUF1 PAR-CLIP analysis (10)
(Materials and Methods). To further validate the impor-
tance of the AUF1-binding site in the effect of circPCNX
on cell proliferation, we constructed plasmids encoding a
full-length (pCMV6-p21-3′wt) or truncated (pCMV6-p21-
3′del) p21 mRNA, lacking the AUF1-binding site (Figure
7A).

Initially, we cotransfected the reporter constructs with ei-
ther pcDNA3-AUF1 or circPCNX siRNA or the respective
controls, and assessed luciferase activity 24 h after transfec-
tion. In cells cotransfected with psiCHECK2-p21-3′wt and
pcDNA3-AUF1, luciferase activity decreased by approxi-
mately 50% compared to cells co-overexpressing pcDNA3
(EV); this reduction was associated with a correspond-
ing reduction in RL mRNA but not FL mRNA (Supple-
mentary Figure S7A). In line with our previous observa-
tions, circPCNX silencing mimicked the effect of pcDNA3-
AUF1 on the intact p21 3′UTR. To further validate whether
AUF1 was the downstream effector of circPCNX-mediated
p21 reduction, we employed a reporter bearing a truncated
p21 3′UTR (psiCHECK2-p21-3′del) lacking the predicted
AUF1 binding site. The observation that co-overexpression
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Figure 7. Expression levels of p21 mRNA and p21 protein are attenuated by circPCNX, but not by a mutant circPCNX unable to bind AUF1. (A) Reporter
plasmids were created using the backbone of the psiCHECK2 dual luciferase reporter by inserting the p21 3′UTR (gray) with either the full-length wild-
type (3′wt) sequence or with a mutation (3′del) in the AUF1-binding site (red). Vectors using the pCMV6 backbone were also created to express p21 protein
from mRNAs that had the intact 3′UTR (3′wt) or had a mutation in the AUF1-binding site (3′del). (B) Forty-eight hours after transfecting HeLa cells
with either pcDNA3(EV) or pcDNA3-AUF1 or with the siRNAs shown, the reporter plasmids psiCHECK2-p21-3′wt or psiCHECK2-p21-3′del were
transfected and 24 h after that, luciferase activities (RL/FL) in each transfection group were assessed. (C) Twenty-four hours after transfecting HeLa cells
with the plasmids indicated, the levels of p21 mRNA (with 3′wt or 3′del 3′UTRs) were measured by RT-qPCR analysis and normalized to neo mRNA
expressed from the same plasmids; the levels of control ACTB mRNA were quantified in the same reactions; the levels of p21 protein in each transfection
group were assessed by western blot analysis. (D) Ctrl or circPCNX siRNAs were transfected along with the plasmids shown (left, p21 3′wt; right, p21
3′del), and the rates of proliferation were assessed by measuring BrdU incorporation at the times indicated. (E) Summary model. Top, when circPCNX
accumulates in cells, it can sequester AUF1 away from its target mRNAs, notably p21 mRNA, in turn allowing p21 mRNA stabilization, increased p21
expression, and growth suppression. Bottom, when circPCNX levels decline, or if circPCNX is unable to bind AUF1 (mutated or truncated), then AUF1
associates with p21 mRNA, reducing p21 mRNA stability and p21 levels, and enhancing cell proliferation. Image was created using BioRender. Data in
(B–D) represent the mean values ± SD from four biological replicates. Significance was established using Student’s t-test. * P ≤ 0.05; ** P ≤ 0.01; *** P
≤ 0.001.
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of psiCHECK2-p21-3′del with pcDNA3-AUF1 did not sig-
nificantly alter luciferase signals supported the accuracy of
the predicted AUF1-binding site (Figure 7B). Moreover,
the circPCNX siRNA-mediated effect on the activity of the
psiCHECK2-p21-3′wt construct was completely abrogated
when we overexpressed psiCHECK2-p21-3′del. We thus
proposed that circPCNX effectively sequestered AUF1, and
thus by reducing circPCNX, AUF1 binding to the 3′UTR of
p21 mRNA increased, in turn promoting p21 mRNA decay.

Finally, to study if AUF1 and p21 were effectors of
the influence of circPCNX on population growth (Figure
3C, D), we assessed cell proliferation in cells overexpress-
ing pCMV6-p21-3′wt or pCMV6-p21-3′del followed by cir-
cPCNX silencing. Initially, we confirmed that the p21 vari-
ants were moderately overexpressed using RT-qPCR and
western blot analyses (Figure 7C). Given that pCMV6-p21-
3′del lacked the AUF1 binding site, we hypothesized that
the deletion rendered p21 mRNA more stable than the full-
length p21 mRNA. To compare mRNA expression levels
across transfection groups, we normalized to neo mRNA,
expressed from the vector backbone to confer resistance to
neomycin (Supplementary Figure S7B). We then assessed
the effect of expressing pCMV6-p21-3′wt or pCMV6-p21-
3′del on proliferation by cell counting and BrdU incorpo-
ration analysis until day 4. As expected, overexpression of
the intact p21 mRNA inhibited cell proliferation, while ex-
pression of p21-3′del mRNA caused an even greater reduc-
tion of cell proliferation (Supplementary Figures S7C, D).
Importantly, whereas circPCNX silencing modestly but sig-
nificantly rescued the p21-3′wt-mediated effect on cell pro-
liferation (Figure 7D, left and Supplementary Figure S7E,
left), circPCNX levels had no significant effect on the inhi-
bition of cell proliferation elicited by p21-3′del, which was
refractory to AUF1-mediated repression (Figure 7D, right
and Supplementary Figure S7E, right). We therefore pro-
pose that circPCNX bound AUF1 away from the 3′UTR
of p21 mRNA, leading to a rise in p21 production and to
inhibition of cell proliferation (Figure 7E).

DISCUSSION

CircRNAs have recently drawn immense interest as part of
ribonucleoprotein or RNA-RNA complexes implicated in
different processes affecting cell function, physiology and
disease states (45,46). Here, we investigated circRNAs as-
sociated with AUF1, a protein with pleiotropic cellular
functions, including cell senescence, division and the im-
mune and stress responses, as well as in muscle metabolism
and cancer. We focused on a previously uncharacterized
circRNA, hsa circ 0032434 or hsa circRNA 101387, later
named circPCNX, which was both highly enriched in AUF1
RIP and moderately abundant in HeLa cells (Figure 1).
Our results led us to propose a model in which elevated cir-
cPCNX directly binds AUF1 and prevents AUF1 from in-
teracting with p21 mRNA, enabling increases in p21 mRNA
and p21 protein levels, and in turn inhibiting proliferation
(Figures 3 and 4). Conversely, a reduction in circPCNX
levels has the opposite effect, freeing AUF1 to bind p21
mRNA, in turn enhancing p21 mRNA decay and reduc-
ing p21 expression levels (Figures 3 and 4). In support of
this model, circPCNX variants lacking the AUF1-binding

site [circPCNX(m1b) and circPCNX(Δ1b)] reversed the
circPCNX-mediated effects on AUF1 binding and restored
cell proliferation (Figure 6). It is important to recognize
that additional circRNAs might contain PCNX exon 11;
two out of five circRNAs identified with PCNX exon 11
flanking the junction were found moderately enriched in
AUF1 RIP (albeit less than circPCNX). The composition
of other circRNAs in which exon 11 might be present in the
circRNA body, away from the junction, could not be estab-
lished with confidence and hence these circRNAs were not
studied. As our ability to reconstruct the bodies of circR-
NAs improves, studying their influence on AUF1 actions is
warranted.

Although we initially hypothesized that circPCNX might
influence the levels of many of the mRNA targets of AUF1
encoding proliferation-associated proteins, we were sur-
prised to find that only p21 mRNA among the cohort tested
appeared to be preferentially elevated when circPCNX was
overexpressed and reduced when circPCNX was silenced
(Figure 4; Supplementary Figure S4). We dedicated exten-
sive efforts to finding the mechanism responsible for this
selectivity. We hypothesized that perhaps circPCNX might
bind to p21 mRNA, thereby facilitating the competition of
the two RNAs for AUF1. However, as shown by pulldown
of these RNAs in native conditions as well as after crosslink-
ing (Supplementary Figure S8A-C), p21 mRNA and cir-
cPCNX did not appear to interact physically. Other possible
factors contributing to this selective competition, including
colocalization of p21 mRNA, circPCNX and AUF1 in spe-
cific subcytoplasmic spaces or in distinct macromolecular
complexes, await further analysis. However, it was clear that
the effects of circPCNX-AUF1 on cell proliferation were
carried out through AUF1 modulating p21 levels, as cir-
cPCNX variants lacking the AUF1 binding site were un-
able to compete with AUF1 for binding to p21 mRNA, in
turn lowering p21 levels and enabling proliferation (Fig-
ure 6). In line with this observation, circPCNX silencing
derepressed AUF1 to bind full-length p21 mRNA lead-
ing to reduced p21 production and enhanced proliferation.
These effects on p21 mRNA stability and proliferation were
lost in the presence of mutations in the p21 mRNA or cir-
cPCNX RNA that eliminated the AUF1-binding sites (Fig-
ures 5-7 and Supplementary Figures S6, S7). Understand-
ing why a circRNP influences the binding of the RBP to
some mRNA targets but not others is a question of increas-
ing interest. In a recent report, the interaction of another
RBP, the insulin-like growth factor 2 mRNA-binding pro-
tein 3 (IGF2BP3), with the circRNA CDR1as affected only
a subset of IGF2BP3 target mRNAs (47). Although for this
circRNP the selectivity of IGF2BP3 was attributed to cel-
lular context, the determinants of the circRNP associations
and the impact upon the RBP’s ability to bind its target mR-
NAs remain to be studied systematically for virtually all cir-
cRNAs and RBPs.

Another critical question in circRNP biology is
stoichiometry––that is, the relative levels of the cir-
cRNA studied and the associated RBP. In this cell system,
circPCNX was predominantly cytoplasmic, and AUF1,
while likely present in thousands of copies per HeLa cell,
was primarily nuclear, and only a small fraction of AUF1
was localized in the cytoplasm (Figure 2). We thus focused
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on the circRNP complexes (circPCNX-AUF1) affecting
cytoplasmic AUF1 target mRNAs. Reaching an accurate
estimation of the levels of circPCNX-AUF1 was challeng-
ing due to several factors. First, AUF1 has 4 isoforms (p37,
p40, p42, p45); while all four appeared to have affinity for
the biotinylated circPCNX segment of interaction (Figure
4A), establishing which endogenous isoform was capable
of associating with circPCNX was not possible given a
lack of AUF1 isoform-specific antibodies. Second, AUF1
phosphorylation was previously proposed to influence
RNA binding (38,39). In this study, the extent of AUF1
phosphorylation in cells or cell compartments was not
determined, nor was it established whether phosphoryla-
tion influenced binding to circPCNX or p21 mRNA; in
fact, the impact of AUF1 phosphorylation on the binding
and fate of target mRNAs has not been investigated until
now. Third, the relative concentration of AUF1 in different
subcytoplasmic domains has not been studied for this RBP
or for circPCNX or p21 mRNA. The relative abundance
of circPCNX in regions where AUF1 binds p21 mRNA
may help explain the selective manner in which circPCNX
reduces AUF1 binding to p21 mRNA, but the necessary
detection tools are not available at present. Finally, while
circPCNX harbors a single AUF1 binding site (Figure 5A),
AUF1 was previously shown to multimerize, and thus one
circPCNX copy could potentially interact with multiple
AUF1 molecules (48–50). Given the limitations of quanti-
fying the relative ratios of circPCNX and AUF1 molecules
in the cell, we focused on the empirical consequences of
lowering or overexpressing each one. Through careful
analysis, we discovered that elevating circPCNX caused
derepression of p21 mRNA by AUF1, in turn raising p21
levels and decreasing cell division.

Given that circPCNX suppressed cell proliferation, we
explored its possible influence in cell processes and diseases
with a key component of cell division, particularly those
implicating p21, such as cell senescence and cancer. Dis-
appointingly, we did not detect significant changes in cir-
cPCNX levels in human diploid fibroblasts rendered senes-
cent by replicative exhaustion (not shown) or in HeLa cells
arrested in the G1 phase of the cell cycle (Supplemental
Figures S8D, S8E), despite the fact that a rise in p21 levels
contributes to senescence-associated growth arrest. Hence,
these findings support the view that an elevation in cir-
cPCNX can trigger growth arrest, but not all growth ar-
rest paradigms induce circPCNX levels. We then hypoth-
esized that circPCNX might be a tumor suppressor, given
that its elevation increased p21 levels and arrested cell di-
vision. Microarray analysis of circRNA expression profiles
in bladder cancer, acute myeloid leukemia and hepatocel-
lular carcinoma revealed low albeit insignificant levels of
circPCNX (51–53), while in colorectal cancer, gastric can-
cer and cutaneous squamous cell carcinoma circPCNX lev-
els were elevated (54–56). Whether high levels of circPCNX
are functionally linked to these cancer phenotypes remains
to be tested. Perhaps the anti-apoptotic function of p21
could in some cases promote tumor growth (57–59), and
thus the possibility that circPCNX could help confer re-
sistance to tumor growth awaits further study. Finally, one
study showed that circPCNX levels were significantly higher
in intervertebral disc degeneration (60). The function of cir-

cPCNX in this pathology warrants future investigation, per-
haps through analysis that might include other nervous sys-
tem dysfunctions. To close, the knowledge of circRNAs ex-
pressed in different developmental processes and diseases
is accumulating rapidly. Elucidating the molecular part-
ners, including RBPs, through which circRNAs influence
cell function, as shown here for circPCNX, AUF1 and p21,
will be critical for developing effective interventions.
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