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Doxorubicin is a chemotherapeutic medication commonly
used to treat many types of cancers, but it has side effects
including vomiting, rash, hair loss, and bone marrow suppres-
sion. The most dangerous side effects are cardiomyopathy,
cardiofibrosis, and heart failure, as doxorubicin generates cyto-
toxicity and stops DNA replication. There is no treatment to
block these side effects. We have developed a transgenic mouse
line overexpressing the circular RNA circNlgn and shown that
circNlgn is a mediator of doxorubicin-induced cardiofibrosis.
Increased expression of circNlgn decreased cardiac function
and induced cardiofibrosis by upregulating Gadd45b, Sema4C,
and RAD50 and activating p38 and pJNK in circNlgn
transgenic heart. Silencing circNlgn decreased the effects of
doxorubicin on cardiac cell activities and prevented doxoru-
bicin-induced expression of fibrosis-associated molecules.
The protein (Nlgn173) translated by circNlgn could bind and
activate H2AX, producing gH2AX, resulting in upregulation
of IL-1b, IL-2Rb, IL-6, EGR1, and EGR3. We showed that
silencing these molecules in the signaling pathway prevented
doxorubicin-induced cardiomyocyte apoptosis, increased car-
diomyocyte viability, decreased cardiac fibroblast proliferation,
and inhibited collagen production. This mechanism may hold
therapeutic implications for mitigating the side effects of doxo-
rubicin therapy in cancer patients.
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INTRODUCTION
Despite extensive use as a chemotherapeutic drug in treating patients
with various types of cancers, doxorubicin generates severe side ef-
fects because of its cardiotoxicity.1–3 The cardiotoxicity of doxoru-
bicin may cause reactive oxidative stress, alter DNA functions and
gene expression, stop DNA replication, and induce cell apoptosis.2

Extensive cellular dysfunction and death induce cardiac remodeling,
accompanied by aberrant accumulation of type I and type III colla-
gens, and dysregulation of transforming growth factor b (TGF-b)
Molecular T
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signaling.4,5 Over time, the remodeling induces cardiofibrosis, hyper-
trophy, dilation, cardiomyopathy, and decreased contractile strength
that is unable to meet the volume and pressure demands of the
heart.6,7 This remodeling is irreversible and leads to myocardial
dysfunction and heart failure.8,9 The mechanism is not well under-
stood. We recently found that a circular RNA, circNlgn, appeared
to be implicated in mediating the effects of doxorubicin, as transgenic
mice expressing circNlgn displayed cardiac remodeling, cardiofibro-
sis, and heart failure.

Circular RNAs (circRNAs) are non-coding RNAs generated from
genomic transcripts with covalently closed circles at the 50 and 30

ends that occur through a splice acceptor site upstream linked to a
splice donor site downstream.10 Some circRNAs are expressed specif-
ically in certain cell types and developmental stages, suggesting spe-
cific functions of these circRNAs.11–13 Most circRNAs are expressed
at very low levels, while some have high abundancy. The copy number
of some circRNAs can be much greater than the associated linear
RNAs, suggesting potential biological functions.11,14 circNlgn is an
example that is highly expressed in the heart, where its parental
herapy: Nucleic Acids Vol. 28 June 2022 ª 2022 The Author(s). 175
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Doxorubicin-induced cardiac fibrosis and impaired heart function were exacerbated by circNlgn expression

(A) Left, circNlgn transgenic mice, circNlgn (+), showed decreased left-ventricular ejection fraction (LVEF) relative to the litter-matched negative mice, circNlgn (�), after

doxorubicin treatment. **p < 0.01 versus circNlgn (�) (n = 10). Right, circNlgn (+) mice showed decreased left-ventricular fractional shortening (LVFS) compared with circNlgn

(�) after doxorubicin treatment. **p < 0.01 versus circNlgn (�) (n = 10). (B) circNlgn (+) mice displayed lower left-ventricular pressure (dp/dt) than circNlgn (�) mice after

doxorubicin treatment. **p < 0.01 versus circNlgn (�) (n = 10). (C) circNlgn (+) mice displayed higher heart weight/tibia length (left) and heart weight/body weight (right) than

circNlgn (�) mice after doxorubicin treatment. **p < 0.01 versus circNlgn (�) (n = 10). (D) Representative echocardiography photographs showing heart function of circNlgn

(+) and circNlgn (�) mice with or without doxorubicin treatment.

(E) Representative H&E staining of cross sections of heart tissues. circNlgn (+) mice displayed enlarged heart chamber. (F) circNlgn (+) mouse hearts displayed increased

Masson’s trichrome (left) and Sirius red (right) staining compared with circNlgn (�) controls. Doxorubicin treatment significantly increased Masson’s trichrome and Sirius red

staining in mouse hearts. *p < 0.05, **p < 0.01 (n = 10). (G) Representative Masson’s trichrome and Sirius red staining of cross sections of heart tissues. circNlgn (+) mouse

hearts displayed increased Masson’s trichrome and Sirius red staining after doxorubicin treatment. (H) circNlgn (+) mouse hearts expressed higher levels of circNlgn than

(legend continued on next page)
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mRNA, Nlgn, is hardly detected. Studies have reported that circRNAs
play roles in the cardiovascular system,15–19 neural cells and
tissues,20–22 and cancer progression.23–26 circRNAs may function by
sponging microRNAs (miRNAs), regulating transcription, splicing,
interacting with proteins in the associated signal pathways, and trans-
lating to protein peptides.27 circRNAs were initially reported to func-
tion as miRNA sponges, thereby reducing miRNA-mediated
functions.28 Some circRNAs were found to bind to the promoters
of their parental genes and their transcription elements to enhance
transcription of their parental genes.29 Since circRNAs share the
same canonical splicing sites with their linear counterparts, circRNA
production may compete with linear splicing.30 Due to their three-
dimensional structure, circRNAs may bind to proteins independent
of their parental mRNAs.31–33 Since many circRNAs contain the sec-
ond exon and translation initiation site, they have the potential for
protein peptide translation.34 Several circRNAs have been reported
to encode functional proteins with oncogenic or tumor-suppressing
activities.25,35–37 These circRNA-encoded small protein peptides are
functionally associated with their parental genes. In this study, we
found that in transgenic mice overexpressing circNlgn, circNlgn
and its translated product Nlgn173 mediated the side effects of doxo-
rubicin, and we thus used this mouse model to study the downstream
effects of doxorubicin with the aim of developing approaches to
reduce its side effects.

RESULTS
circNlgn mediates doxorubicin-induced cardiac fibrosis

Treatment with doxorubicin is known to induce cardiomyopathy and
cardiac fibrosis. Our recent study showed that expression of circNlgn
impaired heart function and induced cardiac fibrosis via its translated
protein Nlgn173.38 We wondered whether Nlgn173 could mediate
doxorubicin-induced cardiomyopathy and cardiac fibrosis. Eight-
week-old transgenic mice expressing circNlgn were treated with
doxorubicin and subjected to echocardiographic assessment (treat-
ment scheme shown in Figure S1A). While there was no significant
difference in heart rates (Figure S1B), we detected a significant
decrease in the left-ventricular ejection fraction (LVEF) and left-ven-
tricular fractional shortening (LVFS) in the circNlgn-transgenic mice
relative to the untreated controls (Figure 1A). We also detected a sig-
nificant decrease in left-ventricular pressure (dp/dt) (Figure 1B) and
in left-ventricular end diastolic diameter (LVEDD) and left-ventricu-
lar end systolic diameter (LVESD) (Figure S1C) in the circNlgn-trans-
genic mice, but a significant increase in heart weight (Figures 1C and
S1D). We also detected decreased ventricular contractile ability in the
circNlgn-transgenic mice (Figure 1D). Hematoxylin and eosin stain-
ing of cross views of the heart tissues displayed hypertrophy of the
heart sections in the doxorubicin-treated mice (Figure 1E). Consistent
with this, we detected decreased left-ventricular posterior wall thick-
ness (LVPW) in the circNlgn transgenic mice relative to the litter-
matched negative mice after doxorubicin treatment (Figure S1E).
circNlgn (�) controls measured by real-time PCR. Doxorubicin treatment promoted circN
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Our previous study showed that expression of circNlgn induced car-
diac fibrosis.38 We examined the effect of doxorubicin on cardiac
fibrosis by Masson’s trichrome staining and Sirius red staining. While
we confirmed promotion of Masson’s trichrome and Sirius red stain-
ing in the circNlgn-transgenic mouse heart relative to the wild-type
mouse heart, we detected an additive effect of doxorubicin treatment
on both types of staining (Figure 1F), suggesting the promotion of
cardiac fibrosis by doxorubicin treatment in the circNlgn-transgenic
mice. Examination of the tissue sections revealed large areas of Mas-
son’s trichrome and Sirius red staining in the circNlgn-transgenic
mouse hearts treated with doxorubicin (Figure 1G). Interestingly,
doxorubicin treatment increased circNlgn levels in both wild-type
and circNlgn-transgenic mouse hearts (Figure 1H).

To test whether circNlgn was a downstreammolecule of doxorubicin,
we performed a number of experiments in cardiomyocyte cell line
AC16 and cardiac fibroblast cell lineMCF. In both types of cells, treat-
ment with doxorubicin increased circNlgn expression, which was
dose related (Figure 2A). AC16 cells transfected with the circNlgn
expression construct showed decreased cell survival (Figure 2B) and
increased cell apoptosis (Figure 2C) when treated with different con-
centrations of doxorubicin. Similar results were obtained in the cells
treated for different periods of time (Figure S2A and S2B) and
measured byMTT assay (Figures S2C and S2D). To corroborate these
results, we knocked down circNlgn by transfecting the cells with two
small interfering RNAs (siRNAs) targeting circNlgn (Figure S3).
Silencing circNlgn enhanced AC16 survival (Figures 2D and S4A)
and decreased apoptosis (Figures 2E and S4B). In MCF cells, transfec-
tion with circNlgn enhanced cell proliferation (Figures 2F and S5A),
while silencing circNlgn decreased proliferation (Figures 2G and
S5B).

We then analyzed the effects of doxorubicin on cardiac fibrosis. MCF
cells transfected with circNlgn or the control vector were treated with
or without doxorubicin, followed by measurement of circNlgn levels.
While we confirmed increased expression of molecules associated
with cardiac fibrosis, including TGF-b1, CTGF, collagen I, collagen
III, fibronectin, and vimentin, we observed significant additive effect
of doxorubicin treatment in promoting expression of these molecules.
As expected, treatment with doxorubicin increased expression of
these fibrotic molecules (Figure 2H). Importantly, silencing circNlgn
by transfecting MCFs with two siRNAs targeting circNlgn prevented
the increase in expression of these fibrotic molecules induced by
doxorubicin treatment (Figure 2I). This suggests that targeting
circNlgn may serve as an approach to alleviate doxorubicin-induced
cardiomyopathy and cardiac fibrosis in clinical applications.

Nlgn173 binds and activates H2AX

To dissect out the downstream protein molecules that mediated
circNlgn’s effect, we precipitated the circNlgn-translated protein
lgn expression in mouse hearts. **p < 0.01 (n = 10). It is not necessary to start a new

vided a new figure (condensed a bit), so that the legend and the figure can be prinited
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Figure 2. Silencing circNlgn decreased the effects of doxorubicin on cardiac cell activity and prevented doxorubicin-induced expression of fibrosis-

associated molecules

(A) Left, real-time PCR showed that AC16 cells expressed increased circNlgn when cultured in basal medium and treated with doxorubicin for 1 h. *p < 0.05, **p < 0.01 versus

doxorubicin 0 mM (n = 4). Right, real-time PCR showed that MCFs expressed increased levels of circNlgn when treated with doxorubicin. *p < 0.05, **p < 0.01 versus

doxorubicin 0 mM (n = 4). (B) AC16 cells transfected with circNlgn or the vector were cultured in basal medium treated with doxorubicin for survival assay. circNlgn expression

repressed cell survival. **p < 0.01 versus vector (n = 4). (C) Expression of circNlgn promoted cell apoptosis when treated with doxorubicin, which was dose dependent. *p <

0.05, **p < 0.01 versus vector (n = 4). (D) Silencing circNlgn enhanced AC16 cell survival. *p < 0.05, **p < 0.01 versus oligo (n = 4). (E) Silencing circNlgn repressed AC16

apoptosis. **p < 0.01 versus oligo (n = 4). (F) MCF cells transfected with circNlgn or the vector were cultured in basal medium for the indicated time points. Expression of

circNlgn enhanced MCF cell proliferation. **p < 0.01 versus vector (n = 4). (G) Silencing circNlgn suppressed MCF cell proliferation. **p < 0.01 versus oligo (n = 4). (H) RNAs

were isolated from circNlgn- or vector-transfected MCF cells treated with or without 0.25 mM doxorubicin for 24 h and subjected to RT-PCR. Real-time PCR showed that

transfection with circNlgn increased expression of fibrosis markers TGF-b1, CTGF, collagen I, collagen III, fibronectin, and vimentin, which were further enhanced by

doxorubicin treatment. **p < 0.01 (n = 4). (I) Control oligo- and circNlgn siRNA-transfected MCF cells were cultured in basal medium treated with 0.1 mMdoxorubicin for 24 h,

harvested, and subjected to RT-PCR. MCF cells showed increased expression of fibrosis markers TGF-b1, CTGF, collagen I, collagen III, fibronectin, and vimentin, which

could be prevented by silencing circNlgn. **p < 0.01 versus oligo (n = 4).
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Nlgn173 with the antibody against the N terminus of Nlgn that rec-
ognizes Nlgn173. The precipitated proteins were subjected to mass
spectrophotometry. Since Nlgn173 was translocated to nuclei by
LaminB1,38 we focused on nuclear proteins that displayed increased
levels in the circNlgn-transfected cells. While there were a number
of proteins co-precipitated by the anti-Nlgn antibody, the one that
caught our attention was H2AX (Figure 3A). H2AX is a histone pro-
178 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
tein that plays roles in DNA repair. When there is a double-strand
break in DNA, the chromatin structure changes and induces phos-
phorylation of H2AX to become gH2AX.39 We confirmed the bind-
ing of Nlgn173 with H2AX using the anti-Nlgn antibody. Anti-H2AX
antibody detected H2AX and gH2AX precipitated by the anti-Nlgn
antibody (Figure 3B). On the other hand, the anti-Nlgn antibody de-
tected Nlgn173 precipitated by the anti-H2AX antibody.



Figure 3. Nlgn173 binds and activates H2AX, producing gH2AX

(A) Mass spectrophotometry showed proteins precipitated by antibody against Nlgn173. (B) AC16 cells transfected with circNlgn or the vector were lysed and subjected to

immunoprecipitation with anti-Nlgn antibody followed by western blotting. Precipitation of Nlgn173 pulled down H2AX, and vice versa. (C) The interaction of Nlgn173 and

H2AX promoted phosphorylation of H2AX (gH2AX). (D) AC16 cells transfected with circNlgn expressed higher levels of Nlgn173 and gH2AX, which were further enhanced by

doxorubicin treatment. H2AX expression was not affected. (E) Precipitation of H2AX pulled down Nlgn173. H2AX phosphorylation (gH2AX) was higher in the sample where

Nlgn173 interacted with H2AX. (F) Precipitation of Nlgn173 pulled down H2AX. The interaction of Nlgn173 and H2AX promoted phosphorylation of H2AX (gH2AX).

(G) Western blot showed that circNlgn (+) mouse tissues expressed high levels of Nlgn173 and gH2AX, which were further enhanced by doxorubicin treatment.

(H) Quantitation of IHC staining of heart tissues showed increased expression of Nlgn173 in the circNlgn transgenic heart, which could be further promoted by doxorubicin

treatment. **p < 0.01 (n = 6). (I) Quantitation of IHC staining of heart tissues showed that H2AX expression was not affected by circNlgn expression nor by doxorubicin

treatment. (J) Quantitation of IHC staining of heart tissues showed increased expression of gH2AX in the circNlgn transgenic heart, which could be further promoted by

doxorubicin treatment. **p < 0.01 (n = 6). (K) Representative IHC photographs of heart tissues. circNlgn (+) mouse hearts displayed increased Nlg173 and gH2AX (Ser139)

expression levels, which were further enhanced by doxorubicin treatment. H2AX expression was not affected. (L) Western blot showed that silencing circNlgn suppressed

Nlgn173 and gH2AX expression.
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Lysates from AC16 cells transfected with circNlgn and a vector were
analyzed on western blot. Transfection with circNlgn did not affect
H2AX expression but promoted phosphorylation of H2AX to become
gH2AX (Figure 3C), suggesting that interaction of Nlgn173 with
H2AX induces H2AX activation, and a similar phenomenon is
observed when H2AX interacts with double-strand breaks in DNA.
The cells were then treated with or without doxorubicin to induce
DNA breaks. As expected, treatment with doxorubicin increased
Nlgn173 levels, which also increased the difference in gH2AX levels
between transfection with circNlgn or the vector (Figure 3D). The ly-
sates were subjected to immunoprecipitation with an antibody against
H2AX. Western blotting confirmed increased precipitation of
gH2AX and Nlgn173 (Figure 3E). The interaction of Nlgn173 and
H2AX promoted phosphorylation of H2AX (gH2AX). An antibody
against Nlgn173 precipitated increased levels of H2Ax and gH2AX,
which was further enhanced by doxorubicin treatment (Figure 3F).

Similar experiments were then performed in the circNlgn-transgenic
and wild-type heart tissues of mice treated with or without doxoru-
bicin. Western blotting detected similar patterns of gH2AX levels
relative to Nlgn173 levels: expression of circNlgn increased
Nlgn173 and gH2AX levels, which were further promoted by doxo-
rubicin treatment (Figure 3G). Heart tissue sections were subjected
to immunohistochemistry (IHC) staining followed by quantitation.
While expression of Nlgn173 increased in the circNlgn-transgenic
mice and was further promoted by doxorubicin treatment (Fig-
ure 3H), H2AX levels were unaffected (Figure 3I). The increased
expression pattern of gH2AX appeared similar to that of Nlgn173
(Figure 3J), both of which were detected in the nuclei of heart sections
(Figure 3K). To confirm the effect of circNlgn onH2AX activation, we
silenced circNlgn using two siRNAs targeting circNlgn. While
silencing circNlgn showed no effect on H2AX expression, we detected
decreased levels of gH2AX (Figure 3L).

Upregulation of Gadd45b, Sema4C, and RAD50 by circNlgn

expression

To examine the molecules mediating circNlgn functions, we har-
vested the heart tissues from circNlgn-transgenic and wild-type
mice and had the mRNA sequenced by Novogene. In a total of
24,283 mRNAs detected, 3% were differentially expressed, and the
distribution as shown by volcano analysis followed a bell shape (Fig-
ure 4A). Heatmap analysis was performed to group the differentially
expressed RNAs (Figure 4B). Among the 3% differentially expressed
RNAs, 474 reached 1.5-fold and 307 were from protein-coding genes
(Table S1). We analyzed these 307 mRNAs and selected several inter-
esting mRNAs that might play roles in regulating cell proliferation,
survival, differentiation, apoptosis, and fibrosis (Figure 4C), since
these genes might be involved in cardiac remodeling and fibrosis.

To test the effects of the selected candidates, we isolated primary car-
diomyocytes (PCMs) from the hearts of circNlgn-transgenic and
litter-matched circNlgn-negative mice. Expression of these genes was
determined by real-time PCR. circNlgn, Gadd45b, Semaphorin-4C
(Sema4C), RAD50, IL-1b, IL-1rap, IL-2Rb, IL-6, early growth response
180 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
(EGR) 1, and EGR3 were significantly upregulated (Figure 4D), which
confirmed the results obtained by RNA sequencing. We did not detect
significant upregulation of Lrrc32, Nr4a1, Nr4a2, and PIK3, and thus,
these molecules were excluded from the following experiments. Since
we did not set the cutoff at higher levels of differential expression, it
is reasonable that we detected some false positives.

We further validated this result by measuring the expression of these
molecules in circNlgn-transgenic and litter-matched circNlgn-negative
mice treated with or without doxorubicin. circNlgn-transgenic mouse
heart tissues expressed significantly higher levels of circNlgn, Gadd45b,
Sema4C, RAD50, IL-1b, IL-2Rb, IL-6, IL-1rap, EGR1, and EGR3 rela-
tive to the litter-matched negative mouse hearts, which were further
enhanced by doxorubicin treatment (Figure 4E). Ectopic expression
of circNlgn in AC16 cells showed similar results (Figure S6).

Dissecting out downstream signal molecules of H2AX

We then silenced circNlgn in the PCMs to confirm the effects of
circNlgn in regulating the expression of these molecules. Real-time
PCR revealed decreased levels of Gadd45b, Sema4C, RAD50, IL-1b,
IL-2Rb, IL-6, EGR1, and EGR3 (Figure 5A). IL-1rap was not down-
regulated upon circNlgn silencing, and it was excluded from the
following experiments.

To validate the effects of these molecules, we designed siRNAs target-
ing each of them. The isolated PCMs were transfected with these
siRNAs and a control oligo. PCM transfection with siRNAs targeting
EGR1 and EGR3 did not affect the expression of any other molecules
(Figure 5B), suggesting that EGR1 and EGR3 are at the bottom of the
signaling pathway associated with these molecules. Silencing IL-1b
decreased expression of EGR3 (Figure 5C). Silencing IL-2Rb
decreased expression of EGR1 (Figure 5D). Silencing IL-6 decreased
expression of EGR1 and EGR3 (Figure 5E). These results suggest
that IL-1b, IL-2Rb, and IL-6 are upstream of EGR1 and EGR3.

Silencing Gadd45b or Sema4C repressed the expression of all these
molecules (IL-1b, IL-2Rb, IL-6, EGR1, and EGR3), but Gadd45b
and Sema4C did not affect each other (Figures 5F and 5G). This sug-
gests that Gadd45b and Sema4C are upstream of IL-1b, IL-2Rb, IL-6,
EGR1, and EGR3. Silencing RAD50 did not affect the expression of
any molecules tested (Figure 5H), suggesting that RAD50 mediates
the effects of circNlgn in a separate pathway.

It has been reported that Gadd45b enhances pJNK and p38
expression,40,41 and this pathway is associated with H2AX phosphor-
ylation in DNA repair. We examined the effect of Gadd45b promo-
tion by circNlgn on pJNK/p38 expression and found increased levels
of pJNK/p38 in the heart tissues of the circNlgn-transgenic mice rela-
tive to the litter-matched negative mice (Figure 6A). Treatment with
doxorubicin, while increasing Nlgn173 levels, further increased the
expression of pJNK/p38. Similar results were obtained in AC16 cells
transfected with circNlgn or the vector (Figure 6B). PCMs isolated
from circNlgn-transgenic mouse heart were transfected with two
siRNAs targeting circNlgn. Silencing circNlgn decreased the



Figure 4. Upregulation of Gadd45b, Sema4C, and RAD50 in circNlgn transgenic heart

(A) Volcano analysis of 24,283 mRNAs detected by RNA sequencing. Approximately 3% of the RNAs were differentially expressed. (B) Heatmap analysis showing the

differentially expressed RNAs. (C) From the 307 differentially expressedmRNAs, the most up- and downregulated were selected. (D) PCR showed that PCMs from the hearts

of the circNlgn-transgenic mice expressed significantly higher levels of circNlgn, Gadd45b, Sema4C, RAD50, IL-1b, IL-1rap, IL-2Rb, IL-6, EGR1, and EGR3. *p < 0.05, **p <

0.01 versus wild type (n = 4). (E) PCR showed that circNlgn (+) mouse heart tissues expressed high levels of circNlgn, Gadd45b, Sema4C, RAD50, IL-1b, IL-2Rb, IL-6, EGR1,

and EGR3, which were further enhanced by delivery of doxorubicin. **p < 0.01 (n = 4).
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expression of pJNK/p38 and Nlgn173, leading to decreased phos-
phorylation of H2AX (Figure 6C).

Activation of p38 can also enhance H2AX phosphorylation, and
Sema4C is known to play roles in tissue differentiation.42,43 We tested
the effects of Sema4C promotion by circNlgn on p38 phosphorylation
and found increased levels of p38 in the heart tissues of the circNlgn-
transgenic mice relative to the litter-matched negative mice (Fig-
ure 6A). Treatment with doxorubicin further activated JNK and
p38. Similar results were seen in circNlgn- or vector-transfected
AC16 cells (Figure 6B). Silencing circNlgn in PCMs decreased levels
of pJNK/p38 (Figure 6C).
The above results are outlined in a diagram, in which all molecules
involved in cardiac fibrosis are shown (Figure 6D). Most importantly,
we found that circNlgn and its translated protein Nlgn173 mediated
the cardiac fibrotic effect of doxorubicin treatment. Our results showed
that the immediate downstream molecules of Nlgn173 were Gadd45b,
Seman4C, and RAD50, which were initially detected by RNA
sequencing, as well as activation of H2AX. The activated H2AX,
gH2AX, induced expression of the cytokines IL-1b, IL-2Rb, and IL-6.
These cytokines promoted expression of EGR1 and EGR3, which alto-
getherwith the cytokines could induce primary cardiac fibroblast (PCF)
fibrosis, decrease PCM survival, and increase PCMapoptosis. Increased
Gadd45b could enhancep38 andpJNKexpression, leading to activation
Molecular Therapy: Nucleic Acids Vol. 28 June 2022 181
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Figure 5. Dissecting out the downstream signal molecules of gH2AX

(A) PCR showed that PCMs transfected with circNlgn siRNA repressed expression of circNlgn, Gadd45b, Sema4C, RAD50, IL-1b, IL-2Rb, IL-6, EGR1, and EGR3. IL-1rap

did not show downregulation upon circNlgn silencing. *p < 0.05, **p < 0.01 versus oligo (n = 4). (B) Silencing EGR1 (left) and EGR3 (right) did not affect expression of any other

molecules. **p < 0.01 versus oligo (n = 4). (C and D) Silencing IL-1b decreased expression of EGR3 (C), while silencing IL-2Rb decreased expression of EGR1 (D). **p < 0.01

versus oligo (n = 4). (E) Silencing IL-6 decreased expression of EGR1 and EGR3. *p < 0.05, **p < 0.01 versus oligo (n = 4). (F and G) Silencing Gadd45b (F) or Sema4C (G)

repressed expression of all these molecules (IL-1b, IL-2Rb, IL-6, EGR1, and EGR3). *p < 0.05, **p < 0.01 versus oligo (n = 4). (H) Silencing RAD50 did not affect expression of

any molecules tested. **p < 0.01 versus oligo (n = 4).
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of H2AX, while Sema4C was able to activate p38 and JNK, leading to
H2AX phosphorylation. RAD50 appeared to be in a separate sub-
pathway that could directly increase PCF proliferation, leading to car-
diac fibrosis.

We then performed western blot to validate the effects of Gadd45b
and Sema4C on the expression of the other molecules by silencing
each of the molecules involved in the pathway in PCMs isolated
from the circNlgn-transgenic mouse heart. While we confirmed
182 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
increased levels of Nlgn173, gH2AX, pJNK, and p38, silencing
Gadd45b prevented circNlgn-enhanced gH2AX, pJNK, and p38
expression (Figure 6E). Silencing Sema4C could also prevent
circNlgn-enhanced gH2AX and p38, but not pJNK expression.

Involvement of the signaling pathway in regulating cellular

activities

Finally, we examined how the signaling pathway played roles in cardiac
fibrosis by isolating PCMs from the hearts of circNlgn-transgenic and



Figure 6. Effects of the signaling molecules in mediating cellular functions of circNlgn

(A) Western blot showed that circNlgn (+) heart tissues expressed high levels of Nlgn173, gH2AX, pJNK, and p38, which were further promoted by delivery of doxorubicin. (B)

PCMs were transfected with circNlgn siRNAs and cultured with basal medium with 0.2 mMdoxorubicin for 36 h. Silencing circNlgn suppressed Nlgn173, gH2AX, pJNK, and

p38 expression. (C) Control vector- and circNlgn-transfected cells were treated with or without 0.25 mM doxorubicin for 24 h, lysed, and subjected to western blotting.

circNlgn transfection increased the levels of Nlgn173, gH2AX, pJNK, and p38, which were further promoted by doxorubicin treatment. (D) Signaling pathway of circNlgn for

mediating doxorubicin effect on cardiac remodeling, fibrosis, and cardiomyopathy. (E) Western blot showed that circNlgn (+) PCMs expressed high levels of gH2AX, pJNK,

and p38. Silencing Gadd45b prevented circNlgn-enhanced gH2AX, pJNK, and p38. Silencing Sema4C prevented circNlgn-enhanced gH2AX and p38, but not pJNK.
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litter-matched circNlgn-negativemice. Isolated PCMswere transfected
with siRNAs targetingmolecules in the signaling pathway and a control
oligo, followed by incubationwith doxorubicin or culture in serum-free
medium. Only silencing with siRNAs targeting Gadd45b and Sema4C,
similar to siRNA targeting circNlgn, increased cell survival under both
culture conditions (Figure 7A). Consistently, only silencing Gadd45b
and Sema4C decreased cell apoptosis (Figure 7B).

We also isolated PCFs from the hearts of circNlgn-transgenic and
litter-matched circNlgn-negative mice. PCFs were transfected with
the same siRNAs and treated with doxorubicin. We detected
decreased cell-cycle progression (Figure 7C) and cell proliferation
(Figure 7D) in PCFs transfected with siRNA targeting CRD50,
similar to the results obtained by silencing circNlgn. Since cardiac
fibroblasts play crucial roles in cardiac fibrosis, we measured the
expression of the fibrotic markers collagen I and collagen III and
found that expression of both collagen molecules decreased when
PCFs were transfected with siRNAs targeting Gadd45b and Sema4C,
similar to the results obtained by siRNA targeting circNlgn
(Figure 7E).
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Figure 7. Activation of H2AX by p38 and pJNK

(A) PCMs were transfected with siRNAs and cultured in basal medium with 2 mM doxorubicin for 24 h (left) or serum free for 5 days (right). Silencing circNlgn, Gadd45b, or

Sema4C enhanced PCM survival. *p < 0.05, **p < 0.01 versus oligo (n = 4). (B) The transfected PCMs were cultured in basal medium with 0.5 mM doxorubicin for 24 h and

subjected to Annexin staining followed by flow cytometry. Silencing circNlgn, Gadd45b, or Sema4C repressed PCM apoptosis. **p < 0.01 versus oligo (n = 4). (C) PCFs were

cultured in basal medium treated with 0.2 mM doxorubicin for 36 h and then transfected with siRNAs. After 48 h, the cells were harvested and subjected to flow cytometry.

Silencing circNlgn or RAD50 repressed PCF cycle entry. **p < 0.01 versus oligo (n = 4). (D) Cell proliferation assays showed that silencing circNlgn or RAD50 repressed PCF

proliferation. **p < 0.01 versus oligo (n = 4). (E) PCR showed that circNlgn, Gadd45b, or Sema4C repressed collagen I (left) and collagen III (right) in the above doxorubicin-

treated PCFs. **p < 0.01 versus oligo (n = 4). We found that transgenic expression of circNlgn mediates doxorubicin-induced cardiofibrosis. The protein Nlgn173 translated

by circNlgn interacts and activates H2AX, resulting in upregulation of IL-1b, IL-2Rb, IL-6, EGR1, and EGR3. This mechanismmay hold therapeutic implications for mitigating

the side effects of doxorubicin in cancer treatment.

Molecular Therapy: Nucleic Acids
DISCUSSION
Since the discovery of doxorubicin in the 1950s and its approval for
medical application in the United States in 1974, it has been used
in the treatment of a number of cancers, including breast carcinoma,
lymphoma, acute lymphocytic leukemia, bladder cancer, and Kaposi’s
sarcoma by injecting into the patient’s vein.1 Doxorubicin inhibits tu-
mor growth by interfering with the DNA function of tumor cells.
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Doxorubicin binds to DNA by intercalating between two base pairs,
which blocks DNA transcription and replication.44 By interacting
with DNA, doxorubicin induces histone eviction from the chromatin
and inhibits transcription activity.45 It also promotes free radical pro-
duction and induces tumor cell death. While these effects of doxoru-
bicin are beneficial to cancer patients in reducing cancer progression,
the side effects can be deadly. The most dangerous side effects include
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cardiomyopathy and congestive heart failure, as doxorubicin induces
cardiomyocyte apoptosis and decreases cardiomyocyte viability, lead-
ing to cardiomyopathy and heart failure. Thus, it is essential to dissect
the signaling pathway that mediates doxorubicin effects. It is ideal to
retain its function in inhibiting cancer progression, while preventing
or reducing its side effects. Our study showed that the circRNA
circNlgn and its translated product Nlgn173 are downstream of doxo-
rubicin. Silencing endogenous circNlgn decreased doxorubicin-
induced cardiomyocyte apoptosis and increased cardiomyocyte
viability. While cardiomyocyte death is promoted by doxorubicin,
empty space becomes available to allow cardiac fibroblasts to move
in and grow. The hallmark of this process is cardiac remodeling, char-
acterized by increased deposition of collagens and expression of
fibrosis markers. Our study showed that silencing circNlgn prevented
collagen deposition and increased expression of fibrosis markers. This
suggests that targeting circNlgn may relieve the side effects of doxo-
rubicin. It has not been reported that circNlgn plays roles in cancer
progression, but this awaits further investigation. circNlgn is gener-
ated by the parental neuroligin pre-mRNA. Neuroligin is a type I
membrane protein that forms synapses between neurons.46–48 A
novel protein isoform translated by circNlgn was detected in the
nuclei because the translated protein acquired a motif for nuclear
translocation. This motif contained nine amino acids due to the
extension of translation of the circRNA beyond the back-splicing
junction point. The nuclear protein functioned as a transcription fac-
tor to activate SGK3 expression, resulting in enhanced cardiac fibro-
blast proliferation and collagen deposition, and ING4 expression,
resulting in decreased cardiomyocyte viability. As a consequence,
circNlgn and the translated protein promoted cardiac remodeling
and fibrosis.

It has been reported that doxorubicin induces H2AX eviction and
DNA double-strand breaks, leading to DNA damage and cell
apoptosis.45 When DNA double-strand breaks occur, proteins neces-
sary for DNA repair are recruited, and H2AX is phosphorylated to
form gH2AX.39 Phosphorylation of H2AX further de-condenses
chromatin structure, promoting DNA double-strand breaks. Our
study showed that increased expression of circNlgn facilitated
H2AX phosphorylation. Silencing circNlgn decreased H2AX phos-
phorylation, while the total levels of H2AX were unaffected. circNlgn
acted by directly binding to H2AX and activated this substrate. How-
ever, silencing circNlgn only partially reversed H2AX phosphoryla-
tion. This suggests that there might be another pathway mediating
the effects of circNlgn on reducing doxorubicin-induced cardiomyo-
cyte apoptosis and fibrosis.

To have a global picture of circNlgn functions, we examined gene
expression in the heart tissues of circNlgn-transgenic mice by
mRNA sequencing and found upregulation of a number of genes
involved in DNA repair and cell survival. RAD50, a gene involved
in DNA repair by binding to double-stranded DNA, was upregu-
lated in circNlgn-transgenic mice. Upregulation of DNA sensor
protein RAD50 was recently shown to be responsible for lipopoly-
saccharide (LPS)-induced inflammation.49 In the cytosol of LPS-
stimulated macrophages, the upregulated RAD50 interacted with
double-stranded DNA released from mitochondria and mediated
LPS-induced acute lung injury. RAD50 also plays roles in enhancing
fibroblast proliferation.50 Thus, in circNlgn-transgenic mice, the up-
regulated RAD50 appears to be responsible for the enhanced cardiac
fibrosis.

We also detected upregulation of two other genes, Sema4C and
Gadd45b. Sema4C is expressed in a number of tissues, including
the vascular system.51 While the functions of Sema4C have been
mainly reported in cancer progression, Sema4C appears to be
involved in tissue differentiation by regulating the p38 MAPK
pathway.42 Our results showed that Sema4C also plays roles in cardi-
omyocyte viability in mediating circNlgn functions. Treatment with
doxorubicin promoted Sema4C expression, which was further pro-
moted by circNlgn expression. Doxorubicin-induced cardiomyocyte
apoptosis could be reduced by silencing circNlgn or Sema4C. Simi-
larly, Gadd45b regulates cell apoptosis by binding to p38.40 It can
also be activated by oxidative stress.52 Gadd45b enhances podocyte
injury and apoptosis by activating the p38 MAPK pathway.41 Our re-
sults showed that Gadd45b played a role similar to that of Sema4C in
mediating circNlgn’s effects on cardiomyocyte survival and apoptosis,
which appeared to be mediated by the p38 MAPK pathway.

In dissecting the downstream pathway of activation of H2AX,
Sema4C, Gadd45b, pJNK, and p38 MAPK, we found that the cyto-
kines IL-1b, IL-2Rb, and IL-6 were activated. Activation of these
cytokines appeared to be essential in mediating the induction of car-
diomyopathy by doxorubicin. Consistent with these observation, we
detected upregulation of the EGR members. EGR1 is a transcription
factor and master regulator of tissue remodeling and fibrosis.53,54 It
plays crucial roles in the progression of cardiovascular disease such
as cardiac hypertrophy, myocardial ischemia/reperfusion, and
atherosclerosis.55 Targeting EGR1 treatment after acute myocardial
ischemia reduces inflammation, oxidative damage, and myocardial
apoptosis and improves heart function.56 Similarly, EGR3 also plays
roles in tissue remodeling.54 EGR1 and EGR3 regulate the expression
of genes involved in cell proliferation and differentiation by activating
the transcription cascade.57 EGR3 can also induce expression of TGF-
b and other fibrotic genes, resulting in tissue remodeling and progres-
sion of wound repair.58 Our results showed that EGR1 and EGR3
were induced by doxorubicin and upregulated by circNlgn expres-
sion. Since EGRs are master regulators of tissue remodeling and
fibrosis and they are downstream signaling molecules in mediating
the effects of circNlgn, these molecules may be potential targets for
reducing the side effects of doxorubicin in cancer patients.

MATERIAL AND METHODS
Materials

Rabbit polyclonal antibody against the Nlg173 junction peptide
(GYRPAANWI) was generated by GenScript (Nanjing, China).
The antibody was purified with histidine-tagged Nlg173 protein
that bound Ni-NTA resins. The monoclonal antibodies against
Nlgn (N terminus), JNK, pJNK, and p38 were obtained from Santa
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Cruz Biotechnology. The monoclonal antibodies against H2AX,
gH2AX, and GAPDH were purchased from Cell Signaling. Horse-
radish peroxidase-conjugated goat anti-mouse and anti-rabbit IgG
were purchased from Sigma. RNA and DNA extraction kits and
RNA RT and PCR kits were obtained from Qiagen. The Annexin
V-fluorescein isothiocyanate (FITC) apoptosis detection kit was
from Biovision.

Constructs, siRNAs, transfection, and analysis

The plasmid expressing human circNlgn was generated and reported
in our previous study.38 In the study, we also designed two siRNAs
complementary to the junction sequence of circNlgn. Both siRNAs
could silence circNlgn in vivo and in vitro. Expression and circulari-
zation of circNlgn were validated by primers flanking the junction
sequence of circNlgn.38

Animal model and cardiac functional assessment

All animal experiments were performed in accordance with relevant
guidelines and regulations. All procedures conformed to the guide-
lines of the NIH Guide for the Care and Use of Laboratory Animals.
The animal use protocol was approved by the Animal Care Commit-
tee of Sunnybrook Research Institute. A priori power calculation was
used in the determination of experimental mouse group sizes with the
software G*Power.59 Both male and female animals were randomly
grouped in the experiments.

The circNlgn-transgenic mouse model was generated by pronuclear
microinjection of a circNlgn-containing DNA fragment into
C57BL/6J, performed by the Toronto Centre for Phenogenomics
(TCP). All transgenic mice were ear tagged and genotyped after wean-
ing. The genotyping primer sequences are provided in the supple-
mentary information.

The animal model of doxorubicin-induced cardiomyopathy and
fibrosis was induced in 8-week-old mice by intraperitoneal injection
of doxorubicin (3mg/kg, three times per week, with a total cumulative
dose of doxorubicin of 21 mg/kg). Each group had 10 mice. In the
negative control group, the mice were injected with an equal volume
of saline.

Three weeks after doxorubicin injection, all the mice were
anesthetized with 2% isoflurane inhalation to perform transtho-
racic echocardiography. Transthoracic echocardiography was per-
formed and analyzed in a blinded manner, using a Vevo 2000
high-resolution imaging system to assay LVEDD, LVESD, LVEF,
LVFS, and dp/dt.

All mice were sacrificed following cardiac functional assessment.
Hearts were harvested and cut into two halves. The upper half of
the heart was kept frozen for PCR or processed to obtain frozen sec-
tions, followed by immunofluorescence, while the lower half was fixed
with 10% buffered formalin and embedded in paraffin and then
sectioned into 5 mm slides. H&E, Masson’s trichrome, and Sirius
red staining were performed.
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Heart fibrosis staining

Masson’s trichrome and Sirius red staining were performed with a
Masson’s trichrome kit (StatLab, American MasterTech, Lodi, CA,
USA) and a Sirius red staining kit (Millipore Sigma, Burlington,
MA, USA). Masson’s trichrome staining was performed according
to the manufacturer’s instructions. The formalin-fixed paraffin-
embedded tissue sections were de-paraffinized and washed with
100% ethanol and water. The slides were incubated with Bouin’s fluid
at 60�C for 1–2 h. After being washed with water, the slides were incu-
bated with Weigert’s working hematoxylin (5 min), Biebrich scarlet-
acid fuchsin (15 min), phosphomolybdic/phosphotungstic acid
(15 min), aniline blue stain (10 min), and 1% acetic acid (5 min).
The slides were dehydrated with 100% ethanol and clean xylene
and mounted with mounting coverslips and permanent mounting
medium.

Sirius red staining was performed according to the manufacturer’s in-
structions. Briefly, the formalin-fixed paraffin-embedded tissue sec-
tions were de-paraffinized and washed with 100% ethanol and then
water. The slides were stained with Weigert’s working hematoxylin
for 5 min and washed 10 min in running tap water. The slides were
stained with picro-Sirius red for 1–4 h to obtain sufficient staining
and washed with 0.5% acetic acid for 10–60 min to de-stain the back-
ground. The slides were then dehydrated with 100% ethanol and clean
xylene, followed by mounting with mounting coverslips and perma-
nent mounting medium.

Immunohistochemistry staining

The formalin-fixed paraffin-embedded tissue sections were de-paraf-
finized, heated in a pressure cooker, and treated for 30 min with
peroxidase-blocking reagent to quench the endogenous peroxidase
activity. The sections were incubated with 10% goat serum and incu-
bated with primary antibody in TBS containing 10% goat serum over-
night. The sections were then washed and incubated with biotinylated
secondary antibody, followed by avidin-conjugated horseradish
peroxidase provided by the Vectastain ABC kit, and with diamino-
benzidine (DAB) followed by Mayer’s hematoxylin for counterstain-
ing. The slides were then immersed in DAB (DAKO, Glostrup,
Denmark) substrate for 5 min, followed by washing in distilled water
for 1 h. After being counterstained with Harris hematoxylin, the slides
were dehydrated and mounted.

Isolation of primary mouse cardiomyocytes and cardiac

fibroblasts

The enzymatic dispersion technique was used to isolate PCMs and
PCFs from neonatal mouse heart. Briefly, animals were heparinized,
anesthetized with isoflurane, and sacrificed by cervical dislocation.
The hearts were rapidly removed; washed in PBS with 20 mM
BDM; transferred into a drop of HEPES-buffered Tyrode solution
containing 130 mM NaCl, 5.4 mM KCl, 1 mM CaCl2, 1 mM
MgCl2, 0.33 mM Na2HPO4, 10 mM HEPES, and 5.5 mM glucose
(pH 7.4); and minced into small pieces. Cardiac tissues were frag-
mented and incubated in 25 mL Tyrode solution (0.012 g collagenase
D, 0.009 g collagenase B, and 0.001 g protease XIV from Streptomyces
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griseus) at 37�C for 20–30 min. Digested products were filtered and
centrifuged at 600 rpm for 5 min. The cell pellet was resuspended
in DMEM/F12 medium containing 10% FBS and 20 mM BDM and
plated onto a 10 cm cell culture dish and incubated for 1–3 h in a
cell culture incubator. This pre-plating step isolated the PCFs, which
adhered to the uncoated cell culture dish. Non-adherent cells were
transferred to a cell culture dish coated with 1% gelatin solution to
allow PCM adhesion and collection.

Cell-cycle analysis

The cells were detached by trypsin/EDTA, washed and resuspended
in cold PBS, incubated in 0.5 mL ice-cold 70% ethanol, and kept
at �20�C for 2 h. The cells were then centrifuged at 1,500 rpm for
10min and washed with cold PBS twice. The pellets were resuspended
in 0.5 mL PBS containing 40 mg/mL propidium iodide and 100 mg/mL
RNase, and incubated at room temperature for 30 min. The propi-
dium iodide-stained cells were kept on ice before analysis. The per-
centages of S and G2 population cells were analyzed with flow
cytometry.

Cell-proliferation assay

Cells were cultured in 10% FBS basal medium in 12 well culture dishes
(1� 104 to 2� 104 cells/well) at 37�C overnight in an incubator con-
taining 5%CO2. After cell attachment, the cells weremaintained 37�C
for 1–6 days. Cells were detached with trypsin/EDTA, washed with
PBS, and suspended in 0.5 mL culture medium daily or at specific
time points (1–6 days). The cells were harvested and stained with try-
pan blue. Proliferating cells were counted by a Coulter counter under
an inverted microscope.

Cells were also cultured in 10% FBS basal medium in 96 well
plates (1 � 103 to 5 � 103 cells/well) for indicated time points. Cell
viability was measured with an MTT kit. Briefly, the cells were plated
in 96-well culture dishes in 200 mL of culture medium andmaintained
at 37�C in a humidified chamber for the indicated time points. Fifty
microliters of serum-free medium and 50 mL of MTT solution were
added to each well. After incubation for 3 h, 100 mL of solubilization
solution was added to each well and incubated overnight in a humid-
ified atmosphere. The absorbance was read at 570 nm using a micro-
plate reader (Bio-Rad, CA, USA).

Cell-survival assay

Cells were cultured in 10% FBS basal medium in 12 well culture dishes
(5 � 104 to 8 � 104 cells/well) at 37�C overnight in an incubator
containing 5% CO2. After cell attachment, the medium was replaced
with serum-free basal medium or 10% FBS basal medium containing
0.2–2 mM doxorubicin. Cells were detached with trypsin/EDTA,
washed with PBS, and suspended in 0.5 mL culture medium daily
or at specific time points (12 h–6 days). The harvested cells were
stained with trypan blue and the number of surviving cells was
counted by Coulter counter under an inverted microscope.

The cell viability was also determined using an MTT assay kit
(Sigma). Briefly, cells were plated in 96 well culture dishes (1 � 104
cells) in 200 mL of culture medium and maintained at 37�C for 12
h. After cell attachment, the medium was replaced with DMEM
containing 10% FBS and doxorubicin and cultured at 37�C for the
indicated time points in a humidified chamber. Fifty microliters of
serum-free medium and 50 mL of MTT solution were added to
each well. After incubation for 3 h, 100 mL of solubilization solution
was added to each well and the cultures were incubated overnight in a
humidified atmosphere. The absorbance was read at 570 nm using a
microplate reader (Bio-Rad, CA, USA).

Annexin V assay

An Annexin V-APC apoptosis detection kit (BioVision) was used to
detect cell apoptosis. Cells (1� 106) were cultured in serum-free basal
medium or 10% FBS basal medium with 0.2–2 mM doxorubicin for
12–48 h. The cells were detached with trypsin/EDTA, washed with
PBS, and suspended in 100 mL binding buffer. The cultures were incu-
bated with Annexin V-APC at room temperature for 30 min. The
cells were washed and resuspended in 200 mL binding buffer with
5 mL propidium iodide and kept on ice before analysis. Staining of An-
nexin V-APC activity was determined by flow cytometry using an
APC signal detector (FL1) and propidium staining by the phycoery-
thrin emission signal detector (FL2).

Immunoprecipitation assay

Cells (107) were harvested and washed in ice-cold PBS followed by
lysis in 1mL co-immunoprecipitation (coIP) buffer. Twomicrograms
of primary antibodies was incubated with 200 mL of magnetic beads
(Bio-Rad) at room temperature for 1 h. Antibody-conjugated mag-
netic beads were washed with PBS with 0.1% Tween three times.
Equal amounts of protein were incubated with the antibody-conju-
gated magnetic beads at room temperature for 2 h. The beads were
washed three times with PBS and resuspended in 2� Laemmli buffer
(0.125 M Tris-Cl, 4% SDS, 20% glycerol, 10% 2-mercaptoethanol,
0.004% bromophenol blue [pH 6.8]) and incubated at 70�C for
10 min followed by western blotting.

RT-PCR and real-time PCR

Cells (2� 105) were harvested, and total RNA was extracted with the
Qiagen RNeasy mini kit. One microgram of total RNA was used to
synthesize cDNA, a portion of which (1 mL, equal to 0.2 mg cDNA)
was used in a PCR with two appropriate primers. Real-time PCR
was performed with the miScript SYBRGreen PCR kit (Qiagen) using
1 mL cDNA as the template. Thermocycler conditions were 40 cycles
of denaturation at 95�C for 15 s, annealing at 56�C for 10 s, and exten-
sion at 72�C for 5 s. The DDCT method was used to quantify all rela-
tive mRNA levels using small nuclear U6 RNA as the reference and an
internal standard for quantitation.

Western blot analysis

Cells were lysed and subjected to SDS-PAGE containing 5%–12%
acrylamide depending on the size of the protein of interest. Sepa-
rated proteins were transferred onto a nitrocellulose membrane in
1� Tris/glycine buffer containing 20% methanol at 80 V at 4�C
for 2 h. The membrane was blocked in TBST (10 mM Tris-Cl
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[pH 8.0], 150 mM NaCl, 0.05% Tween 20) containing 5% non-fat
dry milk powder (TBSTM) for 0.5 h, and then incubated with pri-
mary antibodies at 4�C overnight. The membranes were washed
with TBST (3 � 30 min) and incubated with secondary antibodies
for 1 h. After washing, the bound antibodies were visualized with
an ECL detection kit.

Statistical analysis

Data are presented as the mean (bar) with standard deviation (SD).
For multiple group analyses, we used a one-way ANOVA followed
by Tukey analysis. The presented p values are corrected. Student’s t
test was performed to assess the difference between two groups
with a single independent factor. These statistical analyses were calcu-
lated using Prism 8 (GraphPad Software, La Jolla, CA, USA). Signif-
icance was defined as *p < 0.05 or **p < 0.01 or as specified in the
figures.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
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