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SUMMARY
Circular RNAs (circRNAs) are widely expressed in eukaryotes and are regulated in many biological pro-
cesses. Although several studies indicate their activity as microRNA (miRNA) and protein sponges, little is
known about their ability to directly control mRNA homeostasis. We show that the widely expressed
circZNF609 directly interacts with several mRNAs and increases their stability and/or translation by favoring
the recruitment of the RNA-binding protein ELAVL1. Particularly, the interaction with CKAP5 mRNA, which
interestingly overlaps the back-splicing junction, enhances CKAP5 translation, regulating microtubule func-
tion in cancer cells and sustaining cell-cycle progression. Finally, we show that circZNF609 downregulation
increases the sensitivity of several cancer cell lines to different microtubule-targeting chemotherapeutic
drugs and that locked nucleic acid (LNA) protectors against the pairing region on circZNF609 phenocopy
such effects. These data set an example of how the small effects tuned by circZNF609/CKAP5 mRNA inter-
action might have a potent output in tumor growth and drug response.
INTRODUCTION

Many processes of gene expression control rely on RNA-based

regulatory circuitries. To carry out these activities, RNA not

only interacts with proteins but often directly pairs with other

RNA molecules. In addition to the well-known activity of micro-

RNAs (miRNAs) on mRNAs, much interest is now being

directed to the study of how other non-coding RNAs control

gene expression by targeting specific mRNAs to regulate their

stability, translation, and localization (Fatica and Bozzoni,

2014; Statello et al., 2021). Along this line, growing interest is

dedicated to circular RNAs (circRNAs), an emerging class of

molecules originating from a back-splicing event in which a

downstream splice-donor site is joined to an upstream

splice-acceptor site, yielding a covalently closed circular RNA

(Memczak et al., 2013; Salzman, 2016). The interest in studying

circRNAs is raised because of several peculiar features, such

as evolutionary conservation and tissue-specific expression,

but above all, because their deregulated expression was linked

to many pathological conditions, particularly cancer (Guarnerio
Molecular Cell 82, 75–89, J
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et al., 2016; Patop and Kadener, 2018). Several studies indi-

cate that circRNAs elicit their function as miRNA or protein

sponges (Kristensen et al., 2019), but there is no evidence to

date about their targeting activity on mRNAs. In this work, we

studied circRNA zinc finger protein 609 (circZNF609), a

circRNA previously described to be regulated and to control

human primary myoblast and embryonal rhabdomyosarcoma

(ERMS) cell proliferation (Legnini et al., 2017; Rossi et al.,

2019; di Timoteo et al., 2020). CircZNF609 was found to also

be upregulated in several types of human cancers, such as

prostate cancer (Jin et al., 2019), breast cancer (Wang et al.,

2018), gastric cancer (Wu et al., 2019; Liu et al., 2019), naso-

pharyngeal carcinoma (Zhu et al., 2019; Liu et al., 2021), and

hepatocellular carcinoma (He et al., 2020), where its depletion

has been linked with reduced aggressiveness of tumor cells.

Although those studies pointed to circZNF609 as an miRNA

sponge, we significantly advanced our understanding of the

molecular mechanism through which it affects cell proliferation

by focusing on its interactions with mRNAs. We found that

circZNF609 pairs directly with a few mRNAs, among which is
anuary 6, 2022 ª 2021 The Author(s). Published by Elsevier Inc. 75
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CKAP5. As a result of such interaction, the CKAP5 mRNA is

stabilized and its translation is enhanced. We show that

circZNF609 promotes the interaction between the CKAP5 tran-

script and ELAVL1 (HuR), an RNA-binding protein (RBP) known

to induce mRNA stabilization and translation (Galbán et al.,

2008; Mazan-Mamczarz et al., 2003, 2008) and to control

long noncoding RNA (lncRNA) metabolism (Legnini et al.,

2014; Noh et al., 2016).

The CKAP5 protein is a highly conserved cytoskeleton-asso-

ciated factor regulating several aspects of microtubule function:

it promotes microtubule nucleation (Thawani et al., 2018), binds

to their growing (‘‘plus’’) ends, promotes their elongation, and

regulates their dynamics (Brouhard et al., 2008). It also controls

mitotic spindle formation and chromosome segregation by sta-

bilizing kinetochore fibers, thus having an important role in

mitotic progression (Cassimeris and Morabito, 2004; Miller

et al., 2016).

Microtubule dynamics is essential to all processes depending

on the cytoskeleton, including cell migration and differentiation,

as well as the buildup of the mitotic apparatus and chromosome

segregation. Several first-line chemotherapeutic agents, such as

vincristine or paclitaxel/Taxol, are designed to target either the

microtubule assembly from tubulin or their dynamic activity;

they are effective chemotherapeutic agents and are still in use

to treat cancer of various origin (Jordan and Wilson, 2004).

Here, we demonstrate that preventing the circZNF609/CKAP5

mRNA interaction, through either small interfering RNAs (siRNAs)

against circZNF609 or locked nucleic acid (LNA)-modified oligo-

nucleotides against the pairing region, sensitizes several can-

cer-model cell lines to microtubule-targeting chemotherapeutic

agents, setting such blockage as a potential therapeutic strategy

to improve cancer treatments.

RESULTS

CircZNF609 interacts with several mRNAs in
rhabdomyosarcoma cells
To elucidate the molecular mechanism driving the cell cycle

slow-down observed in myoblasts and ERMS cells upon

circZNF609 knockdown (Legnini et al., 2017; Rossi et al.,

2019), we started with the identification of themolecular partners

of the circRNA. To detect specific RNA-RNA pairings occurring

in vivo, we performed a pull-down of the endogenous

circZNF609 using 40-aminomethyl-4,50,8-trimethylpsoralen

(AMT) to crosslink rhabdomyosarcoma (RD) cells (an ERMS

representative cell line). Two sets of biotinylated DNA probes

(named Odd and Even, randomly) targeting ZNF609 exon 2

were used (Figure 1A). All the circZNF609-targeting probes can

pair to the exon 2, thereby recognizing both the circZNF609

and the linear ZNF609mRNA. We could not use a back-splicing

junction (BSJ)-specific probe because its design for pull-down

was suboptimal. As a negative control, we used a set of probes

targeting a bacterial mRNA (LacZ).

After pull-down in two different biological replicates, enrich-

ment for circZNF609 and ZNF609 mRNA was tested.

CircZNF609 was specifically enriched with both sets of probes,

if compared with its linear counterpart or other non-specific

RNAs, such as GAPDH mRNA (Figures 1B and S1A).
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The replicate showing the best enrichment ratio between the

circular versus linear ZNF609 (Figure 1B) was subjected to

high-throughput RNA sequencing. For target identification,

reads were aligned to the reference genome, and peaks were

considered positive when both Odd and Even coverages were

at least 4-fold greater than both input and LacZ coverages. As

shown in Figure 1C, we can detect reads only for ZNF609 exon

2 but not for other parts of the linear transcript, indicating the

preferential pull-down of circZNF609 RNA. We could identify

several transcripts enriched in the pull-down (Table S1); to

confirm their interaction, we performed a native RNA pull-down

using either a mix of Odd and Even probes for the circRNA or

probes for the control LacZ transcript. qRT-PCR allowed us to

validate the interaction of many transcripts to circZNF609 (Fig-

ures 1D and S1B).

CircZNF609 binds ELAVL1 to regulate some of its mRNA
interactors
We next focused on the putative proteins that might bind to the

circRNA. The exon originating circZNF609 is reported to have

eight binding sites for the ELAVL1 protein according to the Cir-

cInteractome database (Dudekula et al., 2016). ELAVL1 (HuR)

is a member of the ELAV-like RBP family that generally binds

to AU-rich elements in the 30 UTR of mRNAs (Fan and Steitz,

1998), often stabilizing them (Brennan and Steitz, 2001) and

enhancing their translation (Galbán et al., 2008; Mazan-Mamc-

zarz et al., 2003, 2008). We performed data-mining analysis us-

ing published photoactivatable-ribonucleoside-enhanced

cross-linking and immunoprecipitation (PAR-CLIP) sequencing

data and confirmed that the second exon of ZNF609 is bound

by ELAVL1 at multiple sites in HEK293 cells (Kishore et al.,

2011) (Figure 2A). To check whether ELAVL1 binds to

circZNF609 in RD cells, we performed a UV-crosslinked RNA

immunoprecipitation assay (CLIP) using an anti-ELAVL1 anti-

body, confirming this interaction in vivo (Figure 2B).

Interestingly, we observed a significant enrichment of ELAVL1

PAR-CLIP binding sites (Lebedeva et al., 2011) in mRNAs iden-

tified as interactors of circZNF609 (Figure 2C; Table S1). Of 29

mRNAs, 17 displayed ELAVL1 binding sites, implying that they

could be potentially regulated by this protein. To validate the

presence of ELAVL1 on these transcripts and to check whether

this binding could be affected by circZNF609 depletion, we per-

formed RNA immunoprecipitation (RIP) for ELAVL1 in control

and circZNF609-downregulated RD cells. We confirmed the

enrichment of circZNF609 in the RIP (Figure 2D); moreover,

ELAVL1 immunoprecipitation pulled down some of the

circZNF609 interactors, such as CKAP5, UPF2, and SRRM1

mRNAs. Interestingly, the immunoprecipitation of these tran-

scripts was reduced upon circZNF609 knockdown (Figures 2D

and S2A), whereas it did not change for the negative control

GAPDH mRNA and the positive control CCNB1 mRNA, known

to bind ELAVL1 (Wang et al., 2000) but not to interact with

circZNF609 (Figure 2D). Other circZNF609-interacting mRNAs

were not enriched in the RIP (Figure S2B), supporting the spec-

ificity of the interaction of ELAVL1 protein with CKAP5, UPF2,

and SRRM1 mRNAs and ruling out that their decreased enrich-

ment upon circZNF609 depletion could be the consequence of

the loss of circZNF609 co-purified RNA interactors. Importantly,



Figure 1. CircZNF609 interacts with several mRNAs in rhabdomyosarcoma cells

(A) Cartoon depicting the circZNF609 pull-down strategy. AMT, 40-aminomethyl-4,50,8-trimethylpsoralen; BSJ, back-splicing junction.

(B) qRT-PCR showing the enrichment of circZNF609, ZNF609mRNA, andGAPDHmRNA in the first replicate of the psoralen-crosslinked circZNF609 pull-down

(PD) and control LacZ pull-down in RD cells. Data are shown as means of enrichment versus input ± SE of technical triplicates.

(C) Top: normalized RNA-sequencing read densities in ZNF609 locus for Odd, Even, and LacZ pull-down. Bottom: cartoon depicting ZNF609 locus and ZNF609

exon 2 (Ex2)-derived circRNA (blue).

(D) qRT-PCR showing the enrichment of circZNF609 and its candidate mRNA interactors after native circZNF609 pull-down (PD) or control LacZ pull-down. n = 3.

Data are shown as means of enrichment versus input ± SD.

See also Figure S1 and Table S1.
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the ELAVL1 protein levels were not affected upon circRNA

knockdown (Figure S2C). In conclusion these data indicate

that the ELAVL1 binding to CKAP5, UPF2, and SRRM1 mRNAs

is dependent on circZNF609.

When the same RIP experiment was performed in the pres-

ence of LNA-modified oligonucleotides against the three major

ELAVL1 CLIP signals on circZNF609 (Figure S2D), we observed

a decreased interaction of ELAVL1 with CKAP5, UPF2 and

SRRM1 mRNAs but not with control mRNAs, such as GAPDH

and CCNB1 (Figure 2E). Under these conditions, no change in

the circZNF609 levels was observed (Figure S2E).

CircZNF609 regulates stability and translation of its
target mRNAs via ELAVL1
Because circZNF609 is required for ELAVL1 binding to the

CKAP5, UPF2, and SRRM1 transcripts and considering the

well-known activity of ELAVL1 onmRNA stability and translation,

we analyzed RNA and protein levels of CKAP5, UPF2, and

SRRM1 upon specific circZNF609 knockdown. Although
circZNF609 downregulation had no effect on DDX27 (a negative

control because it binds to circZNF609 but not to ELAVL1), a sig-

nificant decrease (�50%) was observed in the CKAP5, UPF2,

and SRRM1 proteins (Figure 3A). This outcome is specifically

due to circZNF609 downregulation and not to its linear counter-

part because siRNA against the linear ZNF609mRNA (si-Lin) had

no significant effects on the CKAP5 protein levels (Figure S3A).

To exclude off-target effects, we, instead, used a second siRNA

targeting a region of circZNF609, which is in common with its

linear ZNF609 isoform (si-Circ+Lin), and we recapitulated the

CKAP5 downregulation (Figure S3A).

Upon circZNF609 knockdown, we also observed a signifi-

cant decrease of CKAP5 mRNA (Figure 3A). Actinomycin D

(ActD) treatment to inhibit transcription indicated that this was

due to reduced mRNA stability (Figure 3B). We also checked

the stability of SRRM1 mRNA, whose levels upon circZNF609

depletion were variable, and we observed a significant

decrease in its stability only after 2.5 h of ActD treatment (Fig-

ure 3B). Control transcripts (DDX27, AURKA, and GAPDH)
Molecular Cell 82, 75–89, January 6, 2022 77



Figure 2. CircZNF609 interacts with ELAVL1 protein promoting ELAVL1 binding to some of its mRNA interactors
(A) Integrative Genomics Viewer (IGV) tracks for ELAVL1 PAR-CLIP crosslinked reads (red) from Kishore et al. (2011) on ZNF609 exon 2.

(B) qRT-PCR showing circZNF609 and GAPDH mRNA enrichment in ELAVL1 CLIP assay in RD cells. n = 1. Data are shown as means of enrichment versus

input ± SD.

(C) Venn diagram showing the intersection between ELAVL1 mRNA interactors from Lebedeva et al. (2011) and circZNF609 mRNA interactors.

(D) qRT-PCR showing the enrichment of several RNAs after ELAVL1 RIP in RD cells in control condition (si-SCR) or upon circZNF609 knockdown (si-Circ). n = 3. p

referred tomRNA enrichment between si-Circ versus si-SCR= 0.0044 (CKAP5mRNA); and 0.0173 (UPF2mRNA). Data are shown asmeans of enrichment versus

input ± SD. The ratio of each sample versus control was tested by two-tailed paired Student’s t test.

(E) qRT-PCR showing the enrichment relative to control condition (ELAVL1 LNA SCR) of several RNAs after ELAVL1 RIP assay in RD cells upon transfection of

LNAs targeting circZNF609 on ELAVL1 binding sites (LNAs on ELAVL1 sites). n = 4. p referred to RNA enrichment between LNAs on ELAVL1 sites versus LNA

CTR = 0.006 (circZNF609); 0.029(CKAP5mRNA); 0.003(UPF2mRNA); and 0.027(CCNB1mRNA). Data are shown asmeans of enrichment versus input relative to

control condition ± SD. The ratio of each sample versus control was tested by two-tailed unpaired Student’s t test.

See also Figure S2.
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showed no differential stability under either si-SCR or si-Circ

conditions (Figure 3B).

To further investigate the specific effect on translation, we

tested the ribosome association of CKAP5, UPF2, and SRRM1

mRNAs in cells expressing a flagged ribosomal protein (60S ribo-

somal protein L22; RPL22) upon depletion of circZNF609 (Sousa

Martins et al., 2016; Sanz et al., 2009). The results show that,
78 Molecular Cell 82, 75–89, January 6, 2022
indeed, the absence of the circRNA reduces the association of

all three mRNAs to the ribosomes (Figures 3C, S3B, and S3C).

To correlate circZNF609 activity to its ability to recruit ELAVL1

onto its target mRNAs to promote their translation, we checked

whether ELAVL1 knockdown, mediated by siRNAs, downregu-

lates CKAP5 translation similar to circZNF609 depletion. A small,

yet significant, effect on CKAP5 levels was observed



(legend on next page)
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(Figure S3D); however, to circumvent the inefficient activity of the

siRNAs on such an abundant protein, we treated cells with the

specific ELAVL1-binding inhibitor CMLD-2 (Wu et al., 2015),

andwemeasured the effects on CKAP5, UPF2, and SRRM1 pro-

tein levels (Figure 3D). With respect to positive CTNNB1 (Lebe-

deva et al., 2011; López de Silanes et al., 2003) and negative

GAPDH and DDX27 controls, the translation of CKAP5, UPF2,

and SRRM1mRNAswas significantly reduced (Figure 3D). Along

the same line, their association to the ribosomes decreased

upon inhibition of ELAVL1, as measured by RIP analysis in cells

expressing the flagged RPL22 protein (Figures 3E, S3E,

and S3F).

Finally, treatment with LNAs against the three major ELAVL1

binding sites on circZNF609 also produced a specific and signif-

icant decrease of CKAP5 levels (Figure 3F). Altogether, these

data indicate the important role of ELAVL1 in the modulation of

CKAP5, UPF2, and SRRM1 mRNA translation.

The circZNF609 sequence across the BSJ interacts with
CKAP5 mRNA and regulates CKAP5 protein levels
As the CKAP5 protein has relevant roles in the cell cycle and

mitotic progression and is also implicated in tumorigenesis, we

decided to focus on its regulation as a model for this type of

RNA-RNA interaction. CKAP5 mRNA encodes for a highly

conserved member of the XMAP215/ch-TOG family of microtu-

bule (MT) polymerases regulating MT dynamics, chromosome

segregation, and mitotic progression (Brouhard et al., 2008;

Cassimeris and Morabito, 2004; Miller et al., 2016).

To map the RNA-RNA interactions between circZNF609 and

CKAP5 mRNA, as well as those of the other interactors, we

used the IntaRNA program (Mann et al., 2017), also adapting

its workflow for the analysis of the BSJ region. IntaRNA-pre-

dicted pairings are described in Figure S4A. The analysis

predicted two putative interacting regions (Figures 4A and

S4A): the first one involving the circZNF609 BSJ (nucleotides

802–866) and the nucleotides 6309–6417 of CKAP5 mRNA

(ENST00000529230), and the second one spanning the nucleo-

tides 600–671 of circZNF609 and the nucleotides 6392–6470 of

CKAP5mRNA (ENST00000529230). Both predictions involved a
Figure 3. CircZNF609 sustains translation and stability of some of its m

(A) Representative western blots and protein quantifications (relative to ACTB) an

from RNA, p = 0.0073), SRRM1 (from protein, p = 0.0178), UPF2 (from protein

circZNF609 knockdown (si-Circ). n R 3. Data are shown as means of relative p

control was tested by two-tailed unpaired Student’s t test.

(B) qRT-PCRs showing mRNA stability upon actinomycin D (ActD) treatment in RD

Circ, red). n = 3. Referred to CKAP5 mRNA stability, p = 0.0116 (2.5 h); 0.0385 (5

means of fold changes ± SD. The ratio of each sample versus control was tested

(C) qRT-PCR showing the enrichment of circZNF609 interactors CKAP5, UPF2,

RPL22-FLAG RIP assay in RD cells in control condition (si-SCR) or upon circZ

input ± SD.

(D) Representative western blots and protein quantifications (relative to ACTB) of

and CTNNB1 (p = 0.0008); and ELAVL1 (p < 0.0001) in RD cells in control conditio

relative protein levels ± SD. The ratio of each sample versus control was tested

(E) qRT-PCR showing the enrichment of circZNF609 interactors CKAP5,UPF2, an

RIP assay in RD cells in control condition (DMSO) or upon treatment with CMLD

(F) Representative western blot and protein quantification (relative to ACTB) of C

different sets of LNAs targeting circZNF609 on ELAVL1 binding sites (LNAs 1+2, p

protein levels ± SD. The ratio of each sample versus control was tested by two-t

See also Figure S3.
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region in CKAP5 30 UTR adjacent to three ELAVL1 binding sites

belonging to the CUnC type (i.e., [CU4]3) (Wein et al., 2003; Yeap

et al., 2002) (Figure 4A, red highlights).

The analysis of published PAR-CLIP data confirmed that

CKAP5 30UTR is bound by ELAVL1 in HeLa (Lebedeva et al.,

2011) andHEK293 (Kishore et al., 2011) cells and that the binding

occurs exactly on the [CU4]3 motifs (Figure 4B).

To detect which one of the two regions predicted on

circZNF609 was responsible for the interaction with the

CKAP5 mRNA, we performed native RNA pull-down experi-

ments using antisense DNA oligonucleotides (Figure 4C) able

to pair with either one of the two sequences and checked for

co-enrichment of CKAP5 mRNA. As shown in Figure 4D, the

blocker oligonucleotides covering the BSJ region (BSJ

blockers) did not reduce circZNF609 pull-down, although they

significantly reduced CKAP5 mRNA enrichment with respect

to the control blocker (SCR blocker). As a control, the enrich-

ment of PPIG mRNA, a transcript predicted to interact with

circZNF609 in a different region, showed no significant changes

(Figure S4B, left).

On the other hand, the Ex2 blocker oligonucleotide, covering

the second circZNF609 sequence predicted to interact with

CKAP5 mRNA, produced no significant changes in CKAP5

enrichment upon circZNF609 pull-down (Figure 4D). Specificity

of the Ex2 blocker was proven by the reduced enrichment of

the PELP1 mRNA (Figure S4B, right), which is predicted to

interact with circZNF609 at the level of the Ex2 blocker-targeted

region (Figures 4C and S4A). These results indicate a crucial role

for the circZNF609 BSJ region in mediating the interaction with

the CKAP5 mRNA.

To confirm these results in vivo, we transfected RD cells with

LNA-modified oligonucleotides to block the same regions. Fig-

ure 4E (left) shows a significant decrease of CKAP5 protein levels

when cells are treated with LNA-modified oligonucleotides

covering the BSJ (LNAs BSJ) but not when either the control

(LNA SCR) or the Ex2 region (LNA Ex2) LNAs were used. This ef-

fect was not accompanied by a downregulation of the circRNA

(Figure 4E, right), underscoring that the downregulation of the

CKAP5 protein levels is due to the blocking of the RNA-RNA
RNA interactors via ELAVL1

d RNA levels (relative to GAPDH mRNA) of CKAP5 (from protein, p < 0.0001;

, p = 0.0002), and DDX27 in RD cells in control condition (si-SCR) or upon

rotein levels (or mean of fold changes) ± SD. The ratio of each sample versus

cells in control condition (si-SCR, black) or upon circZNF609 knockdown (si-

h). Referred to SRRM1 mRNA stability, p = 0.0482 (2.5 h). Data are shown as

by two-tailed unpaired Student’s t test.

SRRM1, and DDX27 mRNAs, and control GAPDH mRNA in a representative

NF609 knockdown (si-Circ). Data are shown as means of enrichment versus

CKAP5 (p = 0.0018); UPF2 (p = 0.0168); SRRM1 (p < 0.0001); DDX27, GAPDH,

n (DMSO) or upon treatment with CMLD-2. nR 3. Data are shown as means of

by two-tailed unpaired Student’s t test.

d DDX27mRNAs, and controlGAPDHmRNA in a representative RPL22-FLAG

-2. Data are shown as means of enrichment versus input ± SD.

KAP5 in RD cells in control condition (LNA SCR) or upon transfection of two

= 0.0060; LNAs 1+2+3, p = 0.0405). n = 5. Data are shown as means of relative

ailed unpaired Student’s t test.
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pairing. Because the BSJ is present in circZNF609, whereas it is

absent in its linear counterpart, these data point to the specificity

of the circRNA-mediated regulation on CKAP5.

This effect was further confirmed by a complementary exper-

iment with LNAs against the region of the CKAP5 mRNA, which

pairs to circZNF609. Also in this case, we observed a slight but

significant decrease of the CKAP5 protein levels (Figure 4F).

Because circZNF609 has been reported to work as a

competing endogenous RNA for many miRNAs (He et al.,

2020; Jin et al., 2019; Zhu et al., 2019; Liu et al., 2021; Wang

et al., 2018;Wu et al., 2019; Liu et al., 2019), we checkedwhether

the modulation of CKAP5 mRNA by circZNF609 could be medi-

ated by some miRNAs targeting both transcripts. We found no

significant shared binding sites of microRNAs expressed in RD

cells among circZNF609 and CKAP5 mRNA (Figure S4C), ruling

out an miRNA-mediated effect.

Finally, we made use of flagged CKAP5 constructs (Figure 4G,

left) either wild-type (30WT) or specifically deleted in the

circZNF609 pairing region (30D). The results demonstrate that

the 30D construct displays a significantly lower translation with

respect to the WT (Figures 4G, right, and S4D). As a control,

the 30WT construct was shown to rely on the presence of

circZNF609 for efficient translation (Figure S4E).

CircZNF609 knockdown destabilizes MT cytoskeleton,
affecting mitotic progression and chromosome
segregation
CKAP5 is a well-characterized MT polymerizing factor regulating

the dynamic functions of the mitotic apparatus. Hence, we

decided to explore whether circZNF609 can also regulate MT dy-

namics and mitotic events via CKAP5 protein-level modulation.

To study the overall effects of circZNF609 on MT dynamics,

we analyzed the kinetics of cold-induced tubulin depolymeriza-

tion after 20 min in ice (Figures 5A, left, and S5A). Mitotic cells
Figure 4. CircZNF609 back-splicing junction interacts with CKAP5 mR

(A) Best IntaRNA interactions predicted betweenCKAP5mRNA and the BSJ-exte

indicates the ELAVL1 consensus binding sequence.

(B) IGV tracks for ELAVL1 PAR-CLIP crosslinked reads from Lebedeva et al. (20

binding sequence is depicted in red; circZNF609 interacting regions is in orange

(C) Cartoon depicting the IntaRNA predicted interactions between circZNF609 a

orange highlightingCKAP5mRNA interaction sites; the blue circle represents circZ

and blockers/LNA oligonucleotides Ex2 and BSJ are depicted as thin orange rec

(D) qRT-PCRs showing the enrichment of circZNF609, ZNF609 mRNA, and CKAP

Ex2 oligo blockers in the lysate. n = 3. Data are shown as means of circZNF609

mRNA enrichment versus input relative to the control condition and corrected

enrichment in BSJ blockers condition, p = 0.0012. The ratio of each sample vers

(E) Representative western blot of CKAP5 and protein quantification (relative to A

LNA SCR, LNAs BSJ, or LNA Ex2 transfection. n = 3. p = 0.0218. Data are sho

change) ± SD. The ratio of each sample versus control was tested by two-tailed

(F) Left: cartoon depicting the interaction between circZNF609 back-splicing junc

sites onCKAP5mRNA 30 UTR. Right: CKAP5 protein quantification (relative to ACT

LNASCRor LNAsCKAP5 transfection. n = 3. Data are shown asmeans of relative

each sample versus control was tested by two-tailed unpaired Student’s t test.

(G) Left: cartoon depicting the minigenes expressing CKAP5-FLAG mRNA with

sequence interacting with circZNF609 back-splicing junction (p-CKAP5-FLAG-3

orange. The blue circle represents circZNF609. Right: representative western blo

transfection (p = 0.0018). n = 4. Data are shown asmeans of relative protein levels ±

Student’s t test.

See also Figure S4.
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were analyzed in control and circZNF609-depleted cultures. As

shown in Figure 5A (right), although, in control cultures, most

mitotic cells showed partially depolymerized spindles with MTs

of remarkably lower density (pink bars), circZNF609 knockdown

yielded accelerated MT depolymerization, revealed by the

decrease in partially depolymerized spindles (91% in the control

versus 81% in si-Circ; pink bars) and a concomitant 3-fold in-

crease in cells with only residual fibers attached to kinetochores

(K-fibers, 6% in control versus 19% in si-Circ; light blue bars). As

expected, CKAP5-silenced cells (Figure S5B) showed an even

more-extensive MT destabilization, with 61% of all mitoses dis-

playing residual K-fibers (Figure 5A, right, light blue bars) and an

increased frequency of mitoses with fully depolymerized spin-

dles (dark blue bars).

We alsomeasured the MT re-polymerization capacity in control

or circZNF609-downregulated RD cells, by shifting the cultures to

37�C after prolonged incubation on ice (40 min) (Figure S5C). Fig-

ure S5D shows a time-course analysis of the progression of MT

regrowth after the temperature shift. In circZNF609-downregu-

lated cells, a significant reduction in MT repolymerization was

observed at all examined time-points, compared with control mi-

toses (Figure S5E). Figure 5B (right) shows representative panels

observed 4 min after temperature up-shift: although control cul-

tures showed 29% of mitoses with reforming MT asters, in

circZNF609 knockdown cultures (si-Circ), that phenotype still rep-

resented as many as 42% of mitoses (violet bars), whereas cells

with partially and fully repolymerizedMT phenotypes correspond-

ingly decreased (pink and red bars). As expected, CKAP5

silencing exacerbated the depolymerization phenotype observed

in circZNF609-depleted cells (Figure 5B, right) and strongly de-

layed MT regrowth at all time-points (Figure S5E).

Because circZNF609 affects the MT dynamics, we explored

whether its knockdown induced mitotic abnormalities, exem-

plified in Figure 5C (left). We noticed a significant increase in
NA and regulates CKAP5 protein levels

nded (top; 1) and not extended (bottom; 2) circZNF609 sequence. Red highlight

11) and Kishore et al. (2011) in the CKAP5 30 UTR region. ELAVL1 consensus

.

nd its mRNA interactors. Colored rectangles represent interaction sites, with

NF609 (vertical line: back-splicing junction); binding sites between circZNF609

tangles.

5mRNA upon circZNF609 pull-down after the addition of either SCR, BSJ, or

and ZNF609 mRNA enrichment versus input ± SD (left) and means of CKAP5

for the enrichment of circZNF609 ± SD (right). Referred to CKAP5 mRNA

us control was tested by two-tailed unpaired Student’s t test.

CTB) and circZNF609 RNA levels (relative to GAPDH mRNA) in RD cells after

wn as means of relative CKAP5 protein levels (or means of circZNF609 fold

unpaired Student’s t test.

tion and CKAP5 mRNA 30 UTR, with indication of the two LNAs CKAP5 target

B; p = 0.0013) andCKAP5mRNA levels (rel. toGAPDHmRNA) in RD cells upon

CKAP5 protein levels (ormeans ofCKAP5mRNA fold change) ± SD. The ratio of

either its wild-type 30 UTR (p-CKAP5-FLAG-30WT) or a 30 UTR deleted of the
0D). The FLAG tag is depicted in pink; the circZNF609-interacting region is in

t of CKAP5-FLAG and protein quantification (relative to ACTB) in RD cells after

SD. The ratio of each sample versus control was tested by two-tailed unpaired



Figure 5. CircZNF609 knockdown destabilizes MT cytoskeleton, affecting mitotic progression and chromosome segregation

(A) Left: examples of MT (in red; TUBA4A staining) progressive depolymerization phenotypes observed in mitotic RD cells after incubation on ice (20 min).

Chromosomes are stained with DAPI (blue). Bar, 5 mm. Right: histograms represent the frequency of MT phenotypes after cold incubation in control cultures (si-

SCR) and in cultures silenced for either circZNF609 (si-Circ) or CKAP5 (si-CKAP5). n = 3. Differences in phenotype distributions were statistically analyzed using

the multiple c2 test for trend (****p < 0.0001).

(B) Left: exemplifying panels of progressive MT regrowth. RD cells were stained as for (A) after incubation on ice (40 min) and rewarming to 37�C. Right: his-
tograms representing the profile of MT regrowth phenotypes 4 min after temperature up-shift to 37�C. n = 4. Multiple c2 test for trend compare the phenotype

distribution (***p < 0.001, ****p < 0.0001).

(C) Left: immunofluorescence (IF) panels exemplify frequently occurringmitotic abnormalities; RD cells were stained as for (B). Right: histograms representing the

frequency of multipolar spindles (top), chromosome mis-alignment (middle; arrowed in left) and mis-segregating or lagging chromosomes (bottom; arrowed in

left) in control (si-SCR) and circZNF609-downregulated (si-Circ) RD cells. n = 4. The c2 test compares each class in si-SCR versus si-Circ cultures (*p < 0.05).

See also Figure S5.
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lagging chromosomes in anaphase and telophase figures (5%

in si-SCR versus 13% in si-Circ; Figure 5C, right), usually re-

flecting MT/chromosome misattachments that are not cor-

rected by the spindle checkpoint and representing, therefore,

a potential source of chromosome missegregation. Other
mitotic abnormalities, such as multipolar spindles or meta-

phase chromosome misalignment, did not change significantly

(Figure 5C, right).

Mitotic abnormalities, such as aneuploidy because of aberrant

chromosome segregation, can lead to the accumulation of DNA
Molecular Cell 82, 75–89, January 6, 2022 83
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damage (Ganem and Pellman, 2012; Stingele et al., 2012; Wil-

liams et al., 2008).

Indeed, upon circZNF609 knockdown, we detected increased

DNA damage measured by Comet assay (Figure S5F) and

increased levels of a DNA-damage marker, phospho-H2AX his-

tone (g-H2AX) (Figures S5G and S5H).

Accumulation of damaged DNA from CKAP5-dependent

mitotic alterations could be responsible for the slow-down of

the following G1-S transition previously observed upon

circZNF609 depletion (Rossi et al., 2019). Indeed, we found

G1-S transition and chromosome segregation markers to be

downregulated, with only an exception for cyclins, upon

CKAP5 depletion as much as upon circZNF609 knockdown

(Figure S5I).

CircZNF609 knockdown can strengthen the anti-tumor
effects of MT-targeting drugs
The reduced ERMS cell proliferation rate obtained upon

circZNF609 knockdown might be associated with decreased

in vivo tumorigenic capability. To test that hypothesis, we per-

formed mouse xenograft growth assays of RD cells expressing

a short hairpin RNA (shRNA) against circZNF609 under doxycy-

cline induction. We grouped the mice according to circZNF609

expression levels in their tumors (Figure 6A, left), and we

observed that those containing low levels of circZNF609 devel-

oped smaller tumors (Figure 6A, right), thus reinforcing the previ-

ously observed data linking circZNF609 to tumor growth.

The link between MT function and cancer was established

more than a century ago (Boveri, 1902; Gönczy, 2015), and,

indeed, MTs are still among the best-validated chemothera-

peutic targets in cancer treatment (Jordan and Wilson, 2004).

One of the standard chemotherapeutic treatments for intermedi-

ate-/high-risk rhabdomyosarcoma (RMS) involves a drug cock-

tail that includes vincristine (Panda et al., 2017), which impairs

MT polymerization by sequestering tubulin monomers, hence

blocking mitosis (Jordan, 2012). Other MT-targeting drugs

include nocodazole (Vasquez et al., 1997) and paclitaxel/Taxol

(Horwitz, 1992; Vasquez et al., 1997).
Figure 6. Loss of circZNF609/CKAP5 mRNA interaction strengthens th

(A) Left: qRT-PCR representing circZNF609 RNA levels in xenograft mice (n = 3 in

individual dots representingDDCt values relative toGAPDHmRNA; horizontal bars

after mice injection) in circZNF-high (black) and in circZNF-low (red) mice.

(B) Boxplots representing the percentage of survival of RD cells either in contr

treatment with either vincristine (VCR; n = 5; p = 0.0051), Taxol (TX; n = 5; p = 0.0

control was tested by two-tailed paired (VCR and TX) or unpaired (NOC) Studen

(C) Left: representative western blot showing CKAP5 protein levels in SK-N-BE cel

0.0023). Right: as in (B), in SK-N-BE cells; VCR: n = 4, p = 0.0200; TX: n = 4, p = 0.0

Student’s t test.

(D) As in (C), in K562 cells. Left: ACTB hybridization used as loading control; n = 8

versus control was tested by two-tailed unpaired (protein analysis) or paired (cel

(E) Boxplots representing the percentage of survival of RD cells transfected with

upon treatment with either VCR (n = 4; p LNAsBSJ versus LNASCR =0.0057) or TX

control was tested by two-tailed unpaired Student’s t test.

(F) Boxplots representing the percentage of survival of RD cells upon transfection o

(LNAs on ELAVL1 sites, purple) upon treatment with VCR (n = 4; p = 0.0326). Th

t test.

(G) Cartoon depicting the molecular circuit involving circZNF609, CKAP5, and o

See also Figure S6.
Because of circZNF609-knockdown-induced MT instability,

we checked whether this phenotype could be translated into

an enhanced sensitivity to different MT-targeting chemothera-

peutics. As shown in Figure 6B, siRNA-mediated circZNF609

downregulation in RD cells resulted in a decreased survival

rate compared with the control condition, upon treatment with

either 10 mM vincristine, 5 mM Taxol, or 30 mM nocodazole.

To underscore the broad importance of the fine tuning of MT

regulation by circZNF609, we tried to export the above findings

in other cancer cell lines. Figure 6C shows that the specific

knockdown of circZNF609 (Figure S6A) in the SK-N-BE neuro-

blastoma cells also produced a downregulation of the CKAP5

protein (Figure 6C, left) and increased their sensitivity to a 24-h

treatment with vincristine and Taxol (Figure 6C, right). Similar ex-

periments performed in the K562 chronic myelogenous leukemia

cell line confirmed this regulation is a widespread phenomenon

(Figures 6D and S6B).

Finally, we tested whether these effects could be reproduced

when blocking circZNF609-CKAP5 mRNA interaction through

LNA-treatment. As shown in Figure 6E, RD cells treated with

the LNAs against circZNF609 BSJ (LNA BSJ) were significantly

more sensitive to vincristine and Taxol with respect to cells trans-

fected with control LNA (LNA SCR). On the other hand, cells

treated with the LNA Ex2 showed no altered sensitivity to these

drugs (Figure 6E). In addition, cells treated with LNAs covering

the three major ELAVL1 sites on circZNF609 were significantly

more sensitive to vincristine treatment (Figure 6F), underscoring

the importance of ELAVL1 in this phenomenon.

DISCUSSION

Although some subtypes of RNA-RNA pairings, such as those

involving the miRNA/mRNA regulatory networks, are widely

studied, little is known about other kinds of interactions occur-

ring among RNAs with larger sizes. Specific interest concerns

the ability of non-coding RNAs to trigger the formation of func-

tional ribonucleoprotein (RNP) complexes by acting as scaffolds

for proteins and RNA assemblies. In this study, we identified a
e anti-tumor effects of MT-targeting drugs

circZNF-high group, black; n = 4 in circZNF-low group, red); data are shown as

represent themean. Right: graph showing tumor volume (mm3) over time (days

ol condition (si-SCR, gray) or in circZNF609 knockdown (si-Circ, red), upon

189), or nocodazole (NOC; n = 2; p = 0.0394). The ratio of each sample versus

t’s t test.

ls in si-SCR and si-Circ, and protein quantifications relative to ACTN1 (n = 3; p =

030. The ratio of each sample versus control was tested by two-tailed unpaired

; p = 0.0025. Right: VCR: n = 5, p = 0.0078; TX: n = 5. The ratio of each sample

l survival analysis) Student’s t test.

either the control LNA SCR (gray), the LNAs BSJ (red), or the LNA Ex2 (violet)

(n = 3; p LNAsBSJ versus LNASCR= 0.0262). The ratio of each sample versus

f either control LNA SCR (black) or LNAs targeting circZNF609 on ELAVL1 sites

e ratio of the sample versus control was tested by two-tailed paired Student’s

ther mRNAs and the ELAVL1 protein.
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novel type of functional interaction between a circRNA and spe-

cific mRNAs. We demonstrate that circZNF609 can specifically

pair in vivo with several mRNAs. Notably, these mRNAs were

not in the top-tier list derived by IntaRNA predictions and other

similar programs that calculate RNA-RNA interaction based on

the free energy of complementarity and accessibility, indicating

that this parameter is not the unique feature required for the func-

tional interaction. On some of our validated targets (CKAP5,

UPF2, and SRRM1 mRNAs), relatively long regions (around

80–130 nucleotides) containing stretches of discontinuous pair-

ing were found, whereas other in silico-derived targets with

similar predicted interactions could not be validated. Therefore,

other features, such as structure, localization, binding proteins,

might be determinants to establish productive RNA-RNA

interactions.

We discovered that the circZNF609 interaction with CKAP5,

UPF2, and SRRM1 mRNAs controlled their stability and transla-

tion through the recruitment of the ELAVL1 RNA-binding protein.

ELAVL1 is an abundant RNA-interacting protein and many

cellular targets are known which might compete for its binding.

CircZNF609, which has seven ELAVL1 binding sites, can act

as a carrier for the download of this protein on interactingmRNAs

thanks to the proximity given by their physical interaction. In the

case of CKAP5 mRNA, which has only one specific ELAVL1

binding site in the 30 UTR (Lebdeva et al., 2011), this cooperation

would be necessary to compete with the other ELAVL1 cellular

targets. The absolute stoichiometry between circZNF609 and

the other RNAs would be less critical because this process is ex-

pected to be a dynamic one in which circZNF609 can undergo

subsequent cycles of ELAVL1 upload and download.

For the other circZNF609-interacting mRNAs which also bind

ELAVL1, we did not further investigate the functional conse-

quences of these interactions. Because ELAVL1 has been

shown to regulate RNA metabolism at many different levels,

both in the nucleus (Legnini et al., 2014) and in the cytoplasm

(Noh et al., 2018), it is possible that each individual transcript

uses ELAVL1 for different regulatory means. Moreover, it has

been shown that ELAVL1 can control cell proliferation,

apoptosis, senescence, and other cellular pathways, contrib-

uting to many diseases, such as cancer (Srikantan and Gorospe,

2012). A more-detailed analysis along this direction will enable

the elucidation of the pleiotropy of such control, allowing us to

establish the functional role of the different circZNF609-

mRNAs-ELAVL1 RNPs.

The effect of circZNF609 on the control of CKAP5 protein

levels and, in turn, on the dynamic functions of the mitotic appa-

ratus and on proliferation (Figure 6G) is quite relevant when

considering the upregulation of this RNA in several different tu-

mors (He et al., 2020; Jin et al., 2019; Zhu et al., 2019; Liu

et al., 2021; Wang et al., 2018; Wu et al., 2019; Liu et al.,

2019). Because we show that the circZNF609/CKAP5 axis

described in RD also operates in other cancer cell lines, we

believe that we have underscored a mechanism that can justify

the role of this RNA in many different tumorigenic conditions.

So far, circRNAs have been implicated in cancer mainly through

their miRNA sponging activity (Kristensen et al., 2019); however,

this feature restricts their function mostly because of the exclu-

sive microRNA signature that specifies each type of tumor. In
86 Molecular Cell 82, 75–89, January 6, 2022
the case of circZNF609, sponging activity has been suggested

against different miRNAs in different tumors (He et al., 2020;

Jin et al., 2019; Zhu et al., 2019; Liu et al., 2021; Wang et al.,

2018; Wu et al., 2019; Liu et al., 2019). Instead, the regulation

here described, involving the ubiquitous CKAP5 protein, would

operate in all tumor cells in which circZNF609 is overexpressed,

regardless of the cancer histological origin or its miRNA signa-

ture. Finally, because the CKAP5mRNA-circZNF609 interaction

occurs at the level of the BSJ, which is unique to the circular

RNA, it is possible to exclude any contribution of the linear

ZNF609 mRNA counterpart to the observed phenotype.

Another important outcome of our work is that we observed

the synergistic effect when circZNF609 downregulation was

combined with different MT-targeting drugs. These results

open the intriguing perspective of using circZNF609 as a novel

therapeutic target because of its ability tomodulate the response

of cancer cells to widely used chemotherapeutics. Because its

mode of action is through direct pairing to CKAP5 mRNA, our

data demonstrate that the use of either siRNAs against

circZNF609 or LNA-modified oligonucleotides preventing RNA-

RNA interaction could represent possible adjunctive therapeutic

strategies to prevent tumor growth. Moreover, because the re-

gion of pairing includes the BSJ, this approach would ensure

the specificity of the treatment for the circular form without any

possible effect on the linear ZNF609 mRNA counterpart. With

the actual emphasis on RNA therapeutics demonstrated by the

increasing number of oligonucleotide drugs already in clinical tri-

als (Wang et al., 2020), we believe that RNA-RNA interactions

could be a mother lode in which to find interesting targets for

new RNA-based treatments.
Limitations of the study
We have not investigated the degree of evolutionary conserva-

tion of this process in other mammalian systems, and we have

restricted the analysis to the effect of ELAVL1 on the CKAP5 fac-

tor because of its important role in the control of cell proliferation.

In addition to ELAVL1, additional factors could concur with the

described regulatory process both for CKAP5 and the other

targets.
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BEDTools version 2.21.0 Quinlan and Hall, 2010 https://github.com/arq5x/bedtools2

Picard version 2.18.23 Broad Institute https://broadinstitute.github.io/picard/

BamTools version 2.3.0 Barnett et al., 2011 https://github.com/pezmaster31/

bamtools/

SAMtools version 1.9 Li et al., 2009 http://www.htslib.org/download/

Piranha version 1.2.1 Uren et al., 2012 http://smithlabresearch.org/software/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Irene Boz-

zoni (irene.bozzoni@uniroma1.it).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact upon request.

Data and code availability
d RNA-sequencing data from RNA pull-down experiments have been deposited at Gene Expression Omnibus (GEO) and are

publicly available as of the date of publication with accession code GEO: GSE174172. The accession number is listed in the

Key resources table.

d This paper refers to publicly available data. These accession numbers for the datasets are listed in the Key resources table.

d All software used in this manuscript are listed in the Key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell cultures
All cell lines used in this study were grown at 37�C, 5% CO2. All cell lines were tested for mycoplasma contamination.

Human RD cells (embryonal rhabdomyosarcoma cell line derived from a female patient) were cultured in DMEM high-glucose sup-

plemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine and 1% penicillin-streptomycin.

Human SK-N-BE cells (neuroblastoma cell line derived from a male patient) were cultured in RPMI 1640 medium supplemented

with 10% FBS, 1% sodium pyruvate, 1% glutamax and 1% penicillin-streptomycin.

Human K562 cells (chronic myelogenous leukemia cell line derived from a female patient) were cultured in RPMI 1640 medium

supplemented with 10% heat-inactivated FBS, 2 mM L-glutamine and 1% penicillin-streptomycin.

Xenograft mice establishment and tumor measurements
5x106 stable RD cells expressing the doxycycline-inducible shRNA targeting circZNF609 were subcutaneously injected in the scap-

ular region of 10 4-week-old female CD-1 nude mice (Charles River Laboratories). Mice were then randomly divided into two groups

kept in two different cages, one receiving drinking water supplemented with 1 mg/ml doxycycline (doxycycline hyclate, Sigma-

Aldrich) + 3% (v/v) sucrose, the other receiving drinking water supplemented with only 3% (v/v) sucrose. Supplemented drinking wa-

ter was replaced every two days. As soon as the tumor masses appeared, their length (L) and width (W) were measured with a caliper

three times a week. Tumor volume calculations were obtained using the formula (W2xL)/2. Mice were sacrificed by cervical disloca-

tion when their tumor’s largest dimension reached 20 mm. Then, the tumors were surgically removed and snap-frozen in liquid ni-

trogen. RNA was extracted from the tissue and circZNF609 and GAPDH mRNA levels were measured by qRT-PCR, as described

below. Mice were then re-grouped based on circZNF609 expression level, putting the cut-off at 0.0025 ( = DDCt of circZNF609 rela-

tive to GAPDH mRNA). One mouse in the doxycycline-treated group died unexpectedly and was therefore removed from the anal-

ysis. Anothermouse from the doxycycline-treated group and amouse from the doxycycline-untreated groupwere also removed from
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the analysis because of experimental issues. All the procedures involving animals and their care were approved by the ItalianMinistry

of Health (Prot. 18/2015-UT) and were conformed to the relevant regulatory standards in accordance with the Italian legislation.

METHOD DETAILS

Plasmid construction
RPL22 (Myc-DDK-tagged) plasmid was purchased from Origene, and we referred to it as the RPL22-FLAG plasmid.

The p-CKAP5-FLAG-30WT and p-CKAP5-FLAG-30D vectors were obtained starting from the GFP-Tog plasmid (Addgene #29480;

Moore et al., 2005). Briefly, the GFP-tag downstream the CKAP5 coding sequence in GFP-Tog vector was removed by inverse PCR

using DGFP oligonucleotides. Wild-type CKAP5 30UTR sequence (nucleotides 1-505 of the 30UTR sequence) preceded by the

3xFLAG-coding sequence (5’GACTACAAAGACCATGACGGTGATTATAAAGATCATGACATCGATTACAAGGATGACGATGA

CAAG3’) was PCR-amplified from a plasmid already available in our laboratory using 3XFLAG_CKAP5-30UTR oligonucleotides.

The wild-type 3XFLAG-CKAP5 30UTR insert was then cloned into the CKAP5 coding sequence-containing plasmid using the In-

Fusion HD Cloning Kit (Clontech). To add CKAP5 50UTR sequence upstream the CKAP5 coding sequence, the previously obtained

vector was opened by inverse PCR using CKAP5-50UTR_inverse-PCR oligonucleotides, while the insert with the CKAP5 50UTR
sequence was obtained by annealing the two CKAP5-50UTR _insert complementary oligonucleotides. The two DNA pieces were

then cloned together using the In-Fusion HD Cloning Kit, obtaining the p-CKAP5-FLAG-30WT plasmid. To obtain the p-CKAP5-

FLAG-30D plasmid, the sequence interacting with circZNF609 BSJ inCKAP5 30UTRwas removed by inverse PCR using 50-phosphor-
ylated D_circ oligonucleotides, and then the final plasmid was obtained by self-ligation of the PCR product.

To obtain the ePB-PuroTT-shRNA-C vector to establish the stable RD cell line expressing the inducible shRNA targeting

circZNF609 (shRNA-C has the same sequence as the si-Circ described in Table S2), the miR-331-precursor/sh-Circ cassette was

amplified from the pSuperioir-GFP-pTRE3G-TetOn3g_shRNAZNF609-03-PGK-EGFP-IRES-Zeo vector kindly provided by Prof

Gunter Meister’s Lab, using ZNF609shRNA-cassette oligonucleotides. This cassette was cloned into a HindIII/NotI digested

Enhanced PiggyBac Transposable Vector (epB-Puro-TT [Rosa et al., 2014], kindly provided by Prof Alessandro Rosa’s Lab) using

the In-Fusion HD Cloning Kit, obtaining the final plasmid.

The transposase-expressing Helper vector was kindly provided by Prof Alessandro Rosa’s Lab.

CloneAmp HiFi PCR Premix (Clontech) was used to perform all the PCR reactions needed to obtain these plasmids, according to

the manufacturer’s instructions. All the oligonucleotides used for cloning are listed in Table S2.

Cell transfection
For siRNA (ON-TARGETplus, Dharmacon) transfections, either 30 nM of si-Circ, si-

Circ+Lin, si-Lin, si-CKAP5 or 30, 60 or 90 nM of si-ELAVL1, and the corresponding concentration of si-SCR, were transfected with

Dharmafect-1 Transfection Reagent (Dharmacon), according to the manufacturer’s instructions. Unless differentially specified, the

medium was replaced 24 h after transfection and cells were harvested after another 24 h. siRNAs used in this work are listed in Ta-

ble S2.

For LNA-modified oligonucleotide (IDT-Integrated DNA Technologies) transfections, 7.5 nM of LNA-modified oligonucleotides

were transfected with Dharmafect-1 Transfection Reagent according to manufacturer’s instructions, unless differentially specified.

Medium was replaced 24 h after the transfection and cells were split in a 1:5 ratio 48 h after transfection and harvested after another

24h, unless differentially specified. Sequences of LNA-modified oligonucleotides used in this work are listed in Table S2. LNA SCR

was designed to target the synthetic firefly luciferase gene hluc+, with a 2-nt mutation to abolish a secondary structure in the oligo-

nucleotide. LNAs BSJ (1 and 2), LNA Ex2, and LNAs on ELAVL1 sites (1, 2 and 3) target different regions on circZNF609. LNAsCKAP5

(1 and 2) target CKAP5 mRNA 30UTR at the level of the predicted interaction with circZNF609 BSJ.

Plasmid DNA transfections were performed using Lipofectamine 2000 (ThermoFisher Scientific), according to the manufacturer’s

instructions.

To achieve CKAP5-FLAG overexpression, 500 ng of p-CKAP5-FLAG-30WT or p-CKAP5-FLAG-30D vector were added to 75 mL

Opti-MEM reduced serum medium (ThermoFisher Scientific), and 1.5 mL Lipofectamine 2000 were added to other 75 mL Opti-

MEM separately. The two mixtures were briefly vortexed and left 5 min at room temperature, then they were mixed and after another

10 min at room temperature they were added to cells in 1 mL fresh medium. Medium was replaced 6 h after transfection and cells

were harvested 48 h after transfection. When CKAP5-FLAG overexpression was coupled with si-SCR and si-Circ transfection, RD

cells were transfected with 30 nM siRNAs as previously described. 6 h after siRNA transfection, p-CKAP5-FLAG-30WT plasmid

was transfected as described before. Cells were harvested 48 h after plasmid transfection.

Detailed information about the amount of DNA used for transfecting other plasmids used in this work are provided in the following

sections.

Establishment of an RD cell line expressing a circZNF609-targeting shRNA
To establish a stable RD cell line expressing an shRNA targeting circZNF609, 5x105 RD cells were plated in a 6-cm culture dish. 12 h

after the plating, culture medium was replaced and the ePB-PuroTT-shRNA-C vector and the transposase-expressing Helper

construct were transfected in a 4:1 ratio with Lipofectamine 2000 andOpti-MEM, according to themanufacturer’s protocol. 12 h after
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transfection, culture medium was replaced and, after another 12 h, culture medium was replaced and supplemented with 1 mg/ml

puromycin to select transfected cells in which the transposon was integrated. After selection, stable RD cells were switched to a pu-

romycin-free, TET-free culture medium, and the shRNA inducible expression was tested by culturing cells with doxycycline.

Actinomycin D cell treatment for RNA analysis
Cells in 6-cm plates were transfectedwith either si-SCR or si-Circ as previously described. 24 h after transfection, an equal number of

si-SCR- and si-Circ-transfected cells were plated into five 35-mm plates, respectively. 48 h after transfection, one plate si-SCR and

one plate si-Circ were harvested (0 h). For both the si-SCR and si-Circ sets, fresh medium was replaced to three plates and supple-

mented with Actinomycin D (5 mg/ml in DMSO, Sigma-Aldrich), while fresh medium supplemented with an equal volume of 100%

DMSO was added to the remaining plate. Actinomycin D-treated cells were harvested after 2.5 h, 5 h and 7.5 h of treatment,

while DMSO-treated cells were harvested after 7.5 h of treatment. An equal quantity of RNA extracted from Actinomycin D- or

DMSO-treated cells at each time-point was used for the reverse transcription reaction. Graphs represent fold changes calculated

as 2-DCt, normalized to the reference sample (0 h) which was set as 1. DMSO-treated cells were used to control mRNA stability in

each condition.

CMLD-2 cell treatment for protein analysis
5x104 RD cells were plated in a 12-well plate and either 30 mM CMLD-2 HuR-ARE Interaction Inhibitor (Sigma-Aldrich) or an equal

volume of 100% DMSO was immediately added to the medium. Fresh CMLD-2- or DMSO-supplemented medium was replaced

every 24 h. Cells were harvested 96 h after plating and then prepared for protein analysis. An equal quantity of proteins extracted

from CMLD-2- or DMSO-treated cells was loaded on a polyacrylamide gel to be analyzed by western blot.

Microtubule-targeting drug cell treatments
RD and K562 cells were transfected with either siRNAs or LNA-modified oligonucleotides as previously described. 24 h after trans-

fection, an equal number of transfected live cells were plated into a 12-well plate. At the same time, the indicated concentrations of

either Vincristine (Selleckchem), Taxol (Paclitaxel - Selleckchem) or Nocodazole (Sigma) were added to the medium.

SK-N-BE cells were transfected with either si-SCR or si-Circ as previously described.

24 h after transfection cells were plated in 96-well plates (3x104 cells/well), and the following day treated with the indicated con-

centrations of either Taxol or Vincristine.

24 h after the addition of the drugs, viable RD andSK-N-BE cells were stainedwith crystal violet solution (0.5%) and then the absor-

bancewas read at 600 nm, using aGlomax-Multi+ Detection Systemmachine (Promega). Instead, dead/live K562 cells were counted

with the addition of 0.4% Trypan Blue stain (ThermoFisher Scientific) at a CytoSmart cell counter (Corning). Survival was expressed

as percentage of cells alive normalized to DMSO-treated cells (vehicle control), and untreated cells were used to control each

condition.

Western blot
Cells were harvested in a suitable volume of Protein Extraction Buffer (100mM Tris pH 7.5, EDTA 1mM, SDS 2%, PIC 1X (Complete-

EDTA free, Roche–Merck), incubated 20 min on ice and centrifuged at 15000 x g for 15 min at 4�C. Proteins (5-10 mg for most of the

experiments) were loaded on a 4%–12% bis-tris-acrylamide gel and transferred to a nitrocellulose membrane. The membrane was

blocked in 5% milk and hybridized with the specific primary antibody for 1 h at room temperature or overnight at 4�C. If required,
membrane was then hybridized with the appropriate secondary antibody (Invitrogen) for 1 h at room temperature. Protein detection

was carried out with WesternBright� ECL Chemiluminescent HRP Substrate (Advansta) or with Clarity Max Western ECL Substrate

(Bio-Rad). Images were acquired using a ChemiDoc MP Imager (Bio-Rad) and analyzed using Image Lab 5.2.1 software (Bio-Rad).

Whole images were linearly adjusted in contrast and brightness when necessary.

RNA isolation and analysis
Total RNA was extracted with Qiazol reagent (QIAGEN) and Direct-zol RNA Miniprep kit (Zymo Research) with a 15-minute DNase-I

treatment according to the manufacturer’s protocol, unless differentially specified.

Reverse transcription reaction for routine experiments was performed using PrimeScript RTReagent Kit (Takara Bio), while for RNA

derived fromRNApull-down andRIP/CLIP experiments the SuperScript VILO cDNASynthesis Kit (ThermoFisher Scientific) was used

according to the manufacturer’s protocol.

qRT-PCR was performed using PowerUp SYBR Green Master Mix reagent (ThermoFisher Scientific) according to the manufac-

turer’s instructions. RNA levels are relative to GAPDH mRNA in routine experiments. Relative RNA quantity was calculated as the

fold change (2-DDCt) with respect to the control sample set as 1, unless differently specified. A complete list of the oligonucleotides

used for qRT-PCR experiments is provided in Table S2.

RNA pull-down
The psoralen-crosslinked RNA pull-down protocol was performed as described in Martone et al. (2020), with some modifications

in the first steps. Briefly, 1x107 RD cells for each biological replicate were pelleted, resuspended in 1 mL of ice-cold complete PBS
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supplemented with 0.5 mg/ml of 4’-aminomethyl-4,50,8-trimethylpsoralen (AMT, Sigma-Aldrich), and crosslinked at 365 nm for five

2-min cycles. 1 volume of Guanidinium Hydrochloride 6M was added to 1 volume of AMT. The lysate was subdivided into 250 mL

aliquots. To each aliquot, 25 mL of a 20 mg/mL solution of Proteinase K (Ambion) and 6.5 mL of 20% SDS were added. The sam-

ples were then incubated at 65�C for 1 h. RNA was precipitated through phenol-chloroform extraction and the protocol proceeded

as previously described. At the end of the experiment, the recovered RNA fraction was either used for qRT-PCR experiments or

sent for total RNA-sequencing analysis (NovaSeq - Illumina) at IGA Technology Services (Udine, Italy). Ovation RNA v2 followed by

Ovation Ultralow v2 kit was used to prepare cDNA libraries for pull-down RNA-Seq experiments. The sequencing reactions, per-

formed on an Illumina NovaSeq 6000 Sequencing system, produced an average of 43.5 million 150-nucleotide long paired-end

reads per sample.

For native RNA pull-down, 1x107 RD cells per pull-down were lysed in a buffer containing Tris-HCl pH 7.5 50mM; NaCl

150 mM; MgCl2 3 mM; NP40 0.5%; EDTA 2 mM; DTT 1 mM plus protease inhibitors and RNase inhibitors. After lysis and

clearing by centrifugation, samples were diluted in a 1:2 ratio with hybridization buffer containing Tris-HCl pH 7.5 100 mM,

NaCl 300 mM, MgCl2 1 mM, SDS 0.2%, Formamide 15%, NP40 0.5%, EDTA 10 mM, DTT 1 mM plus protease inhibitors

and RNase inhibitors. 100 pmol of previously heat-denaturated biotinylated probes were added. After a 4-h incubation at

4�C, 0.1 mL of streptavidin Magnasphere paramagnetic beads (Promega) were added to pull down the complex, and the mixture

was incubated 1 h at room temperature. After pull-down, beads were washed 4 times with hybridization buffer and RNA was

extracted by phenol-chloroform extraction.

When indicated, 400 pmol of previously denatured DNA oligo blocker was added to the probes to compete for the pull-down

interactors.

Sequences of the biotinylated probes against circZNF609 or LacZ mRNA used in the RNA pull-down experiments and sequences

of DNA blocker oligonucleotides are provided in Table S2.

RNA Immunoprecipitation assays
The RNA-immunoprecipitation (RIP) assays for ELAVL1 and RPL22-FLAG protein were performed in RD cells according to the pro-

tocol described in Keene et al. (2006).

To immunoprecipitate ELAVL1 in RD cells treated with either si-SCR or si-Circ, 2x106 RD cells were plated in two 10-cm dishes and

transfected with either 30 nM si-SCR or 30 nM si-Circ, respectively. Medium was replaced after 24 h and cells were harvested after

another 24 h.

To immunoprecipitate ELAVL1 in RD cells treated with either LNA SCR or LNAs on ELAVL1 sites, 2x106 RD cells were plated in two

10-cm dishes and transfected with either 100 nM LNA SCR or 100 nM LNAs on ELAVL1 sites (1+2+3), respectively. 24 h after trans-

fection, cells in each 10-cm plate were moved to a separate 15-cm plate. Cells were harvested 72 h after transfection. ELAVL1 RIP

assays were performed using Dynabeads Protein G (ThermoFisher Scientific) and anti-ELAVL1 (Santa Cruz Biotechnology) primary

antibody.

To immunoprecipitate RPL22-FLAG in RD cells treated with either si-SCR or si-Circ, 2x106 RD cells were plated in two 10-cm

plates and transfectedwith either 10 mg pcDNA 3.1(+) or 10 mgRPL22-FLAGplasmid, respectively. 8 h after transfection, both pcDNA-

(empty) and RPL22-FLAG-transfected cells were split in a 1:2 ratio to two 10-cm plates. The following day, both pcDNA- and RPL22-

FLAG-transfected cells were transfected with either 30 nM si-SCR or 30 nM si-Circ. 24 h after siRNA transfection, cells in each 10-cm

plate were moved to a new 15-cm plate, and then harvested after another 24 h. Then RPL22-FLAG RIP assay was performed using

anti-FLAG M2 magnetic beads (Sigma-Aldrich).

To immunoprecipitate RPL22-FLAG in RD cells treated with either DMSO or CDML-2, 2x106 RD cells were plated in two 10-cm

plates and either 30 mM CMLD-2 or an equal volume of 100% DMSO was added to the medium, respectively. The following day,

CMLD-2- and DMSO-treated cells were transfected with RPL22-FLAG plasmid as described before, in supplementedmedium. Cells

were harvested 48 h after RPL22-FLAG transfection. Then RPL22-FLAG RIP assay was performed using Dynabeads Protein G and

anti-FLAG M2 (Sigma-Aldrich) primary antibody.

Cross-linking immunoprecipitation (CLIP)wasperformedaccording toBeltran et al. (2019)with the followingmodifications. A total

of 2.5x107 RD cells per UV RNA immunoprecipitation (CLIP) were irradiatedwith 0.4 J/cm2 of 254 nmUV light. Dynabeads Protein G

were washed 3 times with wash buffer containing 500 mMNaCl, pelleted and then incubated in 200 mL PK buffer (100 mM Tris-HCl

pH 7.4, 50mMNaCl and 40 mL Proteinase K) for 20min at 1100 rpm and 37�C. An equal volume of PK buffer containing 7M ureawas

added, and a second incubation was performed. Supernatant was collected, and RNA was purified via phenol�chloroform

extraction.

COMET assay
COMET assay was performed as described in Olive and Banáth (2006). Cell lysis and electrophoresis were performed in alkaline con-

ditions. DNA was stained for 20 min at room temperature with 20 mL of a 10 mg/ml Ethidium Bromide solution (ThermoFisher Scien-

tific) in 10 mL of distilled water; then slides were rinsed with distilled water to remove excess stain. Slides were imaged on a Zeiss

AXIO Observer A1 microscope. Comet tail moment was measured using the ImageJ Macro ‘‘Comet Assay.’’ Four independent bio-

logical replicates of this experiment were performed, three of them at 48 h after transfection and one at 72 h after transfection. Since

the results were comparable, the data from the four experiments are shown all together.
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Immunofluorescence
Cells were cultured on pre-coated glass coverslips (0.4 mg/ml Collagen Rat Tail, Corning), and then fixed in 4% paraformaldehyde in

PBS for 20 min at 4�C. Cells were permeabilized in Triton 0.01% 15min at room temperature, then blocked with 1% goat serum/PBS

for 15 min at room temperature.

For the analysis of the damaged DNA marker, anti-gH2AX Ser139 primary antibody (Santa Cruz Biotechnology) was diluted 1:200

in 1% goat serum/PBS and incubated on the cells overnight at 4�C. Fluorescent goat anti-mouse IgG (H+L) cross-adsorbed second-

ary antibody (Alexa Fluor 488; ThermoFisher Scientific) was diluted 1:200 in 1% goat serum/PBS and incubated for 45 min at room

temperature. After extensive washings with PBS, cells were incubated with DAPI solution (1 mg/ml/PBS; Sigma-Aldrich) for 5 min at

room temperature, and then mounted using ProLong Diamond Antifade Mountant (ThermoFischer Scientific). Images were pro-

cessed only in intensity threshold, contrast, and brightness on ImageJ software.

For the analyses of mitotic figures, cell samples were fixed in absolute MetOH (7 min, �20�C), washed twice in 1x PBS and

blocked with 3% BSA/PBS-T (1 h, room temperature). Primary antibody to alpha-tubulin (Sigma-Aldrich) was diluted 1:1500 in

3% BSA/PBS-T and incubated for 1h at room temperature. Fluorescent secondary antibody conjugated to Rhodamine (Jackson

Immunology) was diluted 1:50 in 3% BSA/PBS-T and incubated for 30 min at room temperature. The DNA was stained with 0.1 mg/

ml DAPI solution.

Microtubule de-polymerization and re-polymerization assays and analysis of mitotic phenotypes
The protocols used for microtubule (MT) de-/re-polymerization assays and immunostaining were previously described in Torosan-

tucci et al. (2008) and Verrico et al. (2020). Briefly, for MT de-polymerization assays, the cultures were placed on ice for 20 min, then

washed twice in PTEMF buffer (20 mM PIPES, 10 mM EGTA, 1 mM MgCl2 in dH2O) to preserve resistant MTs, fixed (3.7% parafor-

maldehyde, 0.2% Triton X-100 in PTEMF) and finally processed for immunofluorescence to alpha-tubulin as above. At least 200

mitotic cells were analyzed in the experiment shown in Figure 5A.

For MT regrowth studies, the time of incubation in ice was prolonged to 40 min to obtain complete MT depolymerization, then

immediately followed by incubation at 37�C for 30 s, 1 min, 2 min and 4 min. The cultures were then fixed and processed for immu-

nofluorescence as described above. At least 300 mitotic cells/sample were analyzed in the experiment shown in Figure 5B.

For the analysis of frequently occurring mitotic abnormalities shown in Figure 5C, at least 190 cells were analyzed.

Fixed samples were analyzed under a Nikon Eclipse 90i microscope equipped with a Qicam Fast 1394 CCD camera (Qimaging);

single cell analysis was performed using an immersion oil 100x objective (NA 1.3) and entire fields were scored under 40x objective

(NA 0.75). The images were acquired using the NIS-Elements AR 3.2 software (Nikon). 3D deconvolution (0.4 mm z-serial optical sec-

tions) was performed using the ‘‘AutoQuant’’ deconvolution module of NIS-Element AR 5.02. Image projections were created from z

stacks using the Maximum Intensity Projection (MIP) functions of NIS-Element AR 5.02.

RNA-Sequencing bioinformatic analyses
Adaptor sequences and poor quality bases were removed from raw reads using Trimmomatic software version 0.32 (Bolger et al.,

2014) with parameters ILLUMINACLIP:path/to/adaptor:2:30:10:8:true LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MIN-

LEN:18. Alignment to human GRCh38 genome and Ensembl 90 transcriptome (Zerbino et al., 2018) was performed using

STAR aligner version 2.5.2b (Dobin et al., 2013) with parameters–outFilterIntronMotifs RemoveNoncanonical–outSAMstrandField

intronMotif–outSAMtype BAM SortedByCoordinate–outFilterType BySJout–outFilterMultimapNmax 20–alignSJoverhangMin 8–

alignSJDBoverhangMin 1–outFilterMismatchNmax 999. Alignment files were further processed by filtering out reads mapping to

rRNAs and tRNAs using BEDTools version 2.21.0 intersect tool (Quinlan and Hall, 2010), removing PCR duplicates using the Mark-

Duplicates tool included in the Picard suite version 2.18.23 and discarding the multi-mapped reads using BamTools version 2.3.0

(Barnett et al., 2011). Properly paired reads were extracted using SAMtools version 1.9 (Li et al., 2009). GRCh38 genome was

divided into 170 bp long non-overlapping bins using the BEDtools makewindows tool. Properly paired fragments falling in each

bin were counted using the BEDtools intersect tool; this way, sample-specific count files were created. Such files were given

as input to Piranha version 1.2.1 (Uren et al., 2012) to call peaks for ODD and EVEN circZNF609 pull-down samples and LacZ

pull-down sample, using Input sample counts as a covariate. Piranha parameters were set to -x -c -s. ODD peaks overlapping

EVEN peaks were identified using the BEDtools intersect tool. Normalized coverage was calculated for such overlapping peaks

in each sample, by dividing fragment counts by the total number of mapping fragments. Peaks where both ODD and EVEN cov-

erages were at least four-fold higher than both Input and LacZ coverages were selected as circZNF609 pull-down enriched re-

gions. BEDtools intersect tool was used to annotate such regions based on their overlap with Ensembl 90 exons and to filter

out transcripts hosting LacZ peaks.

Prediction of RNA-RNA interacting regions
IntaRNA version 2.4.1 (Mann et al., 2017) was used to predict the binding regions between circZNF609 and the interactors found in

the pull-down experiment. Since the tool does not natively handle circular RNA molecules, we used both the exonic circZNF609

sequence and the same sequence extended using its first 150 nucleotides, to also include the region around the back-splicing junc-

tion (BSJ). Except for CKAP5 mRNA, the interacting regions identified in the examined targets when using the not extended

circZNF609 sequence were the same as those found using the BSJ-extended sequence.
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miRNA analysis
For miRNA analysis, miRNAs expressed in RD were extracted from Bersani et al. (2016) and prediction of miRNAs interacting with

CKAP5 mRNA and circZNF609 was performed using starBase 2.0 (Li et al., 2014) filtering for ‘‘CLIP_data>=1’’ and

‘‘programNum>=3.’’

QUANTIFICATION AND STATISTICAL ANALYSIS

The distribution and deviation of data shown in the figures of this work, the statistical tests used to calculate significant differences,

and the exact value of n (e.g., number of biological replicates of the experiments) are denoted in figure legends. When possible, in-

dividual datapoints from biological replicates were depicted as dots in the graphs. Inmain figure legends SE stands for standard error

and SD stands for standard deviation.

Significance values were depicted in the figures using the following key legend: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

The exact p values of statistical confrontations shown in main figures are indicated in the corresponding figure legend.
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