
ARTICLE

CDK13 promotes lipid deposition and prostate cancer
progression by stimulating NSUN5-mediated m5C modification
of ACC1 mRNA
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Cyclin-dependent kinases (CDKs) regulate cell cycle progression and the transcription of a number of genes, including lipid
metabolism-related genes, and aberrant lipid metabolism is involved in prostate carcinogenesis. Previous studies have shown that
CDK13 expression is upregulated and fatty acid synthesis is increased in prostate cancer (PCa). However, the molecular mechanisms
linking CDK13 upregulation and aberrant lipid metabolism in PCa cells remain largely unknown. Here, we showed that upregulation
of CDK13 in PCa cells increases the fatty acyl chains and lipid classes, leading to lipid deposition in the cells, which is positively
correlated with the expression of acetyl-CoA carboxylase (ACC1), the first rate-limiting enzyme in fatty acid synthesis. Gain- and
loss-of-function studies showed that ACC1 mediates CDK13-induced lipid accumulation and PCa progression by enhancing lipid
synthesis. Mechanistically, CDK13 interacts with RNA-methyltransferase NSUN5 to promote its phosphorylation at Ser327. In turn,
phosphorylated NSUN5 catalyzes the m5C modification of ACC1 mRNA, and then the m5C-modified ACC1 mRNA binds to ALYREF
to enhance its stability and nuclear export, thereby contributing to an increase in ACC1 expression and lipid deposition in PCa cells.
Overall, our results disclose a novel function of CDK13 in regulating the ACC1 expression and identify a previously unrecognized
CDK13/NSUN5/ACC1 pathway that mediates fatty acid synthesis and lipid accumulation in PCa cells, and targeting this newly
identified pathway may be a novel therapeutic option for the treatment of PCa.
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INTRODUCTION
Prostate cancer (PCa) is one of the most common cancers in
middle-aged and older men [1]. Unlike other cancer types, PCa
depends on the androgen receptor (AR) signaling for growth [2].
Therefore, androgen deprivation therapy (ADT) and anti-androgen
therapy have become the main methods of clinical intervention in
advanced PCa [3]. Although most patients initially respond well to
ADT and anti-androgen therapy, after a period of treatment (18
months), a subset of patients become castration-resistant and no
curative treatments exist [4]. Thus, there is an urgent need to
discover new approaches to prevent, inhibit or even reverse the
progression of castration-resistant PCa.
Tumor cell proliferation and survival depend upon their

metabolic changes [5]. The Warburg effect is a common feature
of many cancer cells, which facilitates cell growth and cancer
progression by altering glucose, glutamine and lipid metabolism.
However, PCa is an exception to this general process because
prostate cells have truncated TCA cycles [6], which produces high
level of citrate by inhibiting the Krebs cycle [7]. Accumulating
evidence suggests that PCa cells highly express several enzymes

associated with de novo lipogenesis, and the high expression of
these enzymes and aberrant lipid metabolism are critical for PCa
growth, hormone-refractory progression and treatment resistance
[8]. However, little is known about how lipid metabolism is
dysregulated in PCa pathogenesis.
Acetyl-CoA carboxylase 1 (ACC1) catalyzes the conversion of

acetyl-CoA to malonyl-CoA, the first rate-limiting enzyme in the
synthesis pathway of nascent fatty acids [9]. Growing evidence
indicates that ACC1 is involved in the progression of various
tumors. A preclinical study reported that inhibition of ACC1 can
repress fatty acid synthesis and tumor progress in non-small cell
lung cancer [10]. In prostate and breast cancer, siRNA-mediated
silencing of the ACC1 expression reduces fatty acid synthesis,
inhibits cell cycle progression and induces cell apoptosis [11, 12].
These observations suggest that ACC1 may play a crucial role in
promoting fatty acid synthesis and PCa progression. Recent
studies have found that ACC1 expression is regulated at the
transcriptional and post-transcriptional levels. For instance, the
level of m6A and its Reader HNRNPA2B1 is significantly increased
in esophageal cancer, and HNRNPA2B1 promotes esophageal

Received: 10 November 2022 Accepted: 5 September 2023
Published online: 16 October 2023

1Department of Urology, National Cancer Center/National Clinical Research Center for Cancer/Cancer Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College,
100021 Beijing, China. 2Department of Urology, Shengjing Hospital of China Medical University, 36 Sanhao Street, Shenyang 110004, P R China. 3Department of Biochemistry and
Molecular Biology, Ministry of Education of China, Hebei Medical University, No. 361 Zhongshan E Rd, Shijiazhuang 050017, China. 4Department of Urology, The Second Hospital of Hebei
Medical University, 215 Heping W Rd, Shijiazhuang 050000, China. 5Center of Tumor Immunology and Cytotherapy, Medical Research Center, The Affiliated Hospital of Qingdao University,
Qingdao, Shandong, China. 6These authors contributed equally: Yong Zhang, Xiao-Nan Chen. ✉email: zhangyong2022@cicams.ac.cn; quchangbao@hb2h.com; yangzhan@hebmu.edu.cn

www.nature.com/cdd

Official journal of CDDpress

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-023-01223-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-023-01223-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-023-01223-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-023-01223-z&domain=pdf
http://orcid.org/0000-0002-9988-3047
http://orcid.org/0000-0002-9988-3047
http://orcid.org/0000-0002-9988-3047
http://orcid.org/0000-0002-9988-3047
http://orcid.org/0000-0002-9988-3047
http://orcid.org/0000-0001-7191-2910
http://orcid.org/0000-0001-7191-2910
http://orcid.org/0000-0001-7191-2910
http://orcid.org/0000-0001-7191-2910
http://orcid.org/0000-0001-7191-2910
https://doi.org/10.1038/s41418-023-01223-z
mailto:zhangyong2022@cicams.ac.cn
mailto:quchangbao@hb2h.com
mailto:yangzhan@hebmu.edu.cn
www.nature.com/cdd


cancer progression by upregulating ACC1 [13]. The lncRNA CTD-
2245E15.3 interacts with ACC1 protein and suppresses its
phosphorylation at an inhibitory site for enzymatic activity,
supporting non-small cell lung cancer growth [14]. In addition,
5-methylcytosine (m5C), as an important post-transcriptional
modification, has been identified to be involved in the regulation
of subcellular localization and stability of some mRNAs [15].
Despite increasing knowledge of post-transcriptional regulation
of ACC1 expression, the precise mechanisms underlying the
regulation of the ACC1 expression in PCa cells remain largely
unknown.
Cyclin-dependent kinases (CDKs) promote cellular proliferation

by driving cell cycle phase, and dysregulated CDKs often lead to
abnormal proliferation of tumor cells [16]. Emerging evidence
suggests that beyond the cell cycle, multiple CDKs participate in
the regulation of cell metabolism and are involved in lipid
metabolism [17]. For example, CDK8 is involved in inhibiting
adipogenesis, and the absence of CDK8 leads to abnormal fat
accumulation in Drosophila and mammals [18]. CDK9 acts as a key

mediator of fatty acid metabolism in PCa cells, and inhibition of
both CDK9 and CPT1/2 induces PCa cell death [19]. The fatty acid
synthase inhibitor orlistat induces hepatoma Hep3B cell death by
inhibiting the expression of cyclin A, cyclin B, CDK1, CDK2, and
CDK4 [20]. CDK4/6 participate in mitochondrial fatty acid oxidation
in melanoma cells [21]. CDK12 and CDK13 are evolutionarily
related and structurally similar kinases, besides phosphorylating
the carboxy-terminal domain (CTD) of RNA polymerase II (RNA Pol
II), they also phosphorylate other substrates, which may be critical
for their functions in metabolic regulation [17]. However, other
targets of CDK12 and CDK13 have yet to be fully characterized.
Our previous study found that CDK13 stimulates the formation of
a positive feedback loop between circCDK13, miR-212-5p/miR-
449a and E2F5, which contributes to the progression of PCa [22].
However, whether and how CDK13 is implicated in the regulation
of ACC1 expression and fatty acid synthesis in PCa cells has not
been well investigated. In the present study, we hypothesized that
CDK13 may promote PCa progression via facilitating ACC1
expression and lipid accumulation in PCa cells.

Fig. 1 CDK13 promotes fatty acid synthesis and lipid deposition in PCa cells. A HE staining was used to detect the change of prostate
histopathology in the BPH and PCa tissues. Scale bar= 50 μm. B Oil red O (ORO) staining detected lipid accumulation in the BPH and PCa
tissues (n= 31). Scale bar= 100 μm. C GSEA was used to analyze lipid metabolic signaling pathways regulated by CDK13 in PCa. FDR < 0.019
and P= 0.027. D, E PC3 and C4-2 cells were transfected with CDK13-expressing vector (oeCDk13), 2 individual shRNAs targeting different
regions of the CDK13 gene (shCDK13-1#, shCDK13-2#) or their corresponding control vectors, and then ORO staining was performed to detect
lipid deposition in the cells. Scale bar= 20 μm. F Quantitative analysis of Oil Red O staining in (D) and (E). G Lipidomics analysis by LC/MS was
performed to examine lipid components in PC3 cells with and without stable overexpression of CDK3 (n= 3). Heatmap showing lipid
molecules with significant change, represented by red (upregulated) and green (downregulated). H A statistically significant increase in
abundance of fatty acyl chains in CDK13-overexpressing cells. I, J TG and cholesterol contents were measured as quantitative indicators of
lipid deposition in PC3 and C4-2 cells. All data are expressed as the mean ± SEM of 3 independent experiments. *P < 0.05, **P < 0.01,
***P < 0.001 vs. their corresponding controls.
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RESULTS
CDK13 promotes fatty acid synthesis and lipid deposition in
PCa cells
The increased CDK13 expression and lipid accumulation have
been associated with PCa development and progression [22].
Although high expression of CDK13 mRNA has not been found in
our data to be associated with poor outcomes in patients, it is

unclear whether CDK13 regulates PCa progression by affecting
lipid metabolism. To clarify the causal relationship between CDK13
upregulation and lipid accumulation, we performed a gene set
enrichment analysis (GSEA) using TCGA dataset and found that
CDK13 has a close relationship with lipid metabolism process
(Fig. 1A). Oil Red O (ORO) staining of the clinical specimens
revealed the higher lipid deposition in PCa tissues than that in

Fig. 2 CDK13 is positively correlated with the expression of key fatty acid synthesis genes. A Schematic showing the intermediates in fatty
acid synthesis and enzymes involved in this metabolic pathway. B Correlation analysis between CDK13 expression and key fatty acid synthesis
genes, such as ACLY, ACSS2, ACC1, and FASN in PCa from TCGA. C Immunofluorescence staining detected the co-expression of CDK13 and
fatty acid synthases ACLY, ACSS2, ACC1, and FASN in PCa and BPH tissues. Scale bar= 20 μm.
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BPH tissues (Fig. 1B, C). Next, the above observations were further
experimentally investigated by overexpressing or silencing CDK13
in PC3 and C4-2 cells. The results showed that CDK13 over-
expression significantly increased and knockdown of CDK13
decreased lipid accumulation in both PC3 and C4-2 cells, as
shown by ORO staining (Fig. 1D–F). To further validate these
results, we performed mass spectrometry–based global lipidomic
analysis to comparatively evaluate the lipid composition of

CDK13-overexpressed PC3 cells and empty vector-infected cells.
Heatmap analysis showed that among the top 58 significantly
different lipid ions, and the fatty acyl chains and lipid classes
significantly increased in CDK13-overexpressed PC3 cells (Fig. 1G,
H, Supplementary table I). Subsequently, triglyceride (TG) and
cholesterol contents were measured to examine the regulatory
role of CDK13 on lipid metabolism in PCa cells. The results showed
that PC3 and C4-2 cells stably overexpressed CDK13 had much

Fig. 3 ACC1 mediates CDK13-induced lipid deposition and PCa progression. A PC3 and C4-2 cells were transfected with shCDK13-1# or
shCDK13-2# or control vector, and then RT-qPCR was used to detect the expression of the indicated fatty acid synthase genes. B PC3 and C4-2
cells were transfected with oeCDK13 or control vector, and then Western blotting examined the indicated fatty acid synthases. C, D Western
blot and RT-qPCR were used to detect the ACC1 expression in BPH (B) and PCa (P) tissues. E Correlation analysis between CDK13 and ACC1
expression in PCa tissues. F PC3 and C4-2 cells were transfected with shCDK13 or oeACC1 or both, and MTS assay was used to examine cell
viability. G–J PC3 and C4-2 cells were transfected as in (F), and clone formation assay was used to detect cellular proliferation. K, L Cells were
transfected as in (F), and ORO staining detected the lipid accumulation in cells. Scale bar= 20 μm. M PC3 cells were engineered to stably
silence CDK13 or ACC1, alone or together, and xenograft tumor models were established by implanting these engineered cells into nude
mice. Tumor sizes of each group were displayed after 21 days. N Tumor volumes were measured with calipers and calculated by the formula:
(length × width2)/2. O, Wet weight of xenograft tumors was determined after tumor resection. P Nile red staining was used to detect the lipid
deposition in xenograft tumors. Red: lipids; Blue: nuclei. Scale bar= 25 μm. Q Quantitative analysis of Nile red staining in (P). All data are
expressed as the mean ± SEM of 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 vs. their corresponding controls.
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higher levels of TG and cholesterol than the cells stably knocked
down CDK13 (Fig. 1I, J). Together, these data support the idea that
CDK13 plays a role in the regulation of lipid metabolism in PCa
cells.

CDK13 is positively correlated with the expression of key
genes involved in fatty acid synthesis
To investigate how CDK13 participates in lipid metabolism, we
first analyzed the expression of several key enzymes associated
with fatty acid synthesis (Fig. 2A). In the TCGA dataset of PCa, the
expression of CDK13 was positively associated with ATP-citrate
synthase (ACLY), acetyl-coenzyme A synthetase (ACSS2), acetyl-
CoA carboxylase 1 (ACC1) (also name ACACA) and fatty acid
synthase (FASN) (Fig. 2B). Subsequently, we preformed the double
immunofluorescence staining to detect the co-expression of these
genes and CDK13 in clinical samples. As shown in Fig. 2C, CDK13
was highly expressed in PCa tissues as compared with the BPH
tissues. Double immunofluorescence staining showed that highly
expressed CDK13 was accompanied by increased expression of
ACLY, ACSS2, ACC1 and FASN genes in PCa tissues. These results
suggest that CDK13 exerts its regulatory role on lipid metabolism

possibly through regulating the expression of key genes involved
in fatty acid synthesis in PCa cells.

ACC1 mediates CDK13-induced lipid deposition and PCa
progression by regulating lipid synthesis
To explore which enzyme in fatty acid synthesis pathway is
responsible for CDK13 regulation of fatty acid synthesis, we
introduced shRNA targeting CDK13 into PC3 and C4-2 cells by
adenovirus and detected the expression of the above-mentioned
four enzymes associated with fatty acid synthesis. As shown in
Fig. 3A, depletion of CDK13 significantly decreased ACC1 and
ACLY mRNA level in PC3 cells, and reduced ACC1 and FASN mRNA
expression in C4-2 cells. Conversely, overexpression of CDK13 in
both types of cells increased levels of ACC1, ACLY, ACSS2, and
FASN proteins, as well as AR, an important regulator of lipid
metabolism (Fig. 3B). Further, we examined the ACC1 expression
in clinical specimens and found that the expressions of ACC1
protein and mRNA were significantly upregulated in PCa relative
to the BPH tissues (Fig. 3C, D), and the expression level of ACC1
was positive relationship with CDK13 in PCa tissues (Fig. 3E).
Because shCDK13-1# is more efficient than shCDK13-2# [22], and

Fig. 4 CDK13 interacts with NSUN5 to promote ACC1 expression. A The proteins interacting with CDK13 in PC3 cells identified by co-
immunoprecipitation coupled with mass spectrometry (CoIP-MS). B The indicated seven genes were knocked down in PC3 and C4-2 cells by
their corresponding siRNAs, and the RT-qPCR detected the ACC1 mRNA expression. C CoIP coupled with Western blot was performed to verify
the interaction between CDK13 and NSUN5. D Proximity ligation assay (PLA) detected CDK13 and NSUN5 interaction by using the indicated
antibodies. E PC3 cells were transfected with shCDK13 or control vector, and then double immunofluorescence staining was used to detect
CDK13 and NSUN5 co-localization. F, G PC3 and C4-2 cells were transfected with oeNSUN5 or shCDK13 or both together, and then Western
blot and RT-qPCR detected ACC1 and ACLY expression. H TG and cholesterol contents were measured as quantitative indicators of lipid
accumulation in PC3 and C4-2 cells. K PC3 and C4-2 cells were transfected as in (F), and MTS assay detected cell viability. I, J Cells were
transfected as in (F), and clone formation assay detected cell growth. All data are expressed as the mean ± SEM of 3 independent experiments.
*P < 0.05, **P < 0.01, ***P < 0.001 vs. their corresponding controls.
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in subsequent experiments, we chose the shCDK13-1# to silence
CDK13 expression, and for convenience, we named shCDK13-1# as
shCDK13.
To define whether ACC1 mediates CDK13-induced PCa cell

proliferation, we examined the effect of ACC1 on PC3 and C4-2 cell
viability and growth. As shown in Fig. 3F, deletion of CDK13
significantly reduced, while ACC1 overexpression enhanced the
proliferation of these two cells. Moreover, overexpression of ACC1
abrogated the inhibitory effect of CDK13 knockdown on cellular
proliferation. In parallel, the clone formation assay revealed that
overexpression of ACC1 markedly facilitated the growth of PC3
and C4-2 cells and reversed the suppressive effect of CDK13
depletion on cellular proliferation (Fig. 3G–J). Simultaneously, we
observed a markedly increase in the level of lipid accumulation in
ACC1-overexpressed PC3 and C4-2 cells. Also, overexpressing
ACC1 weakened the inhibitory effect of CDK13 knockdown on
lipid accumulation (Fig. 3K, L).
To determine whether ACC1 mediates CDK13-induced PCa

carcinogenesis in vivo by the regulation of fat synthesis, we
established a xenograft tumor model by implanting PC3 cells with
stable knockdown of CDK13 or ACC1 or both together into nude
mice. As shown in Fig. 3M, depletion of CDK13 or ACC1 alone
obviously reduced the tumor growth, and this inhibitory role was
further enhanced when both of them were knocked down
simultaneously in PC3 cells. The tumor volumes and wet weight
showed the same results (Fig. 3N, O). Moreover, Nile red staining
revealed that depletion of CDK13 or ACC1 in PC3 cells significantly
decreased lipid deposition, and silencing both of them further
strengthened suppressive effect on lipid deposition (Fig. 3P, Q).
The same results were obtained by flow cytometry in Nile red
stained cells (Supplementary Fig. 1). Together, these data support
the idea that ACC1 mediates CDK13-induced lipid accumulation
and PCa progression by regulating lipid synthesis.

CDK13 interacts with NSUN5 to promote ACC1 expression
In the previous immunoprecipitation–mass spectrometry analysis,
we found that CDK13 interacts with a range of proteins in PCa
cells, including MTA3, DYRK1A, NSUN5, CCKN, MAPK14, E2F5, and
CDK12 (Fig. 4A) [22]. To investigate whether CDK13 regulates
ACC1 expression by interacting with one of these proteins, we first
knocked down the expression of these seven genes (Supplemen-
tary Fig. 2) and examined ACC1 expression. Among these seven
genes, only knockdown of NSUN5 significantly reduced ACC1
mRNA expression in PC3 and C4-2 cells (Fig. 4B). In addition, the
expression of NSUN5 was significantly increased in PCa tissues
compared with BPH tissues (Supplementary Fig. 3A). The analysis
from TCGA database yielded the same results (Supplementary
Fig. 3B). Next, we examined whether CDK13 interacts with NSUN5
by co-immunoprecipitation analysis using the specific antibodies
for CDK13 and NSUN5. The results showed that there exists a
strong association between CDK13 and NSUN5, and overexpres-
sion of CDK13 markedly increased their interaction (Fig. 4C).
Further, a proximity ligation assay (PLA) confirmed the interaction
between CDK13 and NSUN5 in the nucleus of PC3 cells (Fig. 4D).
Double immunofluorescence staining also revealed the co-
localization of CDK13 and NSUN5 in the nucleus (Fig. 4E).
To explore whether NSUN5 participates in CDK13 regulation of

ACC1 expression, PC3 and C4-2 cells were transfected with
shCDK13 or oeNSUN5 or both and then the expression of ACC1
was detected. As shown in Fig. 4F, G, CDK13 knockdown
significantly attenuated, while overexpression of NSUN5 increased
ACC1 protein and mRNA expression levels and partially reversed
the suppressive effect of CDK13 knockdown on ACC1 expression.
Remarkably, alterations of TG and cholesterol contents caused by
CDK13 knockdown and NSUN5 overexpression were consistent
with the ACC1 expression changes caused by CDK13 knockdown
and NSUN5 overexpression (Fig. 4H). Moreover, the clone
formation and cell viability assays revealed that CDK13

knockdown obviously attenuated, while NSUN5 overexpression
increased the PC3 and C4-2 cell clone formation and cell viability.
However, NSUN5 overexpression-promoted PCa cell proliferation
and clone formation were greatly counteracted by CDK13
knockdown (Fig. 4I–K). A large number of studies have shown
that AR is up-regulated in PCa (Supplementary Fig. 4) and plays a
crucial role in lipid metabolism [23–25]. Moreover, overexpression
of AR partially reversed the lipid droplet formation inhibited by
knockdown of CDK13 (Supplementary Fig. 5). These results
indicate that AR is involved in CDK13 regulation of lipid
metabolism. However, AR is involved in CDK13-regulated ACLY
expression rather than ACC1 (Supplementary Fig. 6). Collectively,
these findings suggested that CDK13 promotes ACC1 expression
and PCa cell proliferation by co-operating with NSUN5.

NSUN5 promotes ACC1 expression and lipid deposition by
regulating the m5C modification of ACC1 mRNA
Considering the fact that NSUN5 regulates the synthesis of
multiple proteins by promoting RNA m5C modification [26], we
investigated whether NSUN5 regulates ACC1 expression by
regulating the m5C modification of mRNA. Therefore, we first
detected the m5C modification level of ACC1 mRNA in PCa
specimens. As shown in Fig. 5A, the m5C-modified ACC1 mRNA
level was markedly elevated in PCa tissues relative to BPH tissues.
Next, we knocked down NSUN5 expression in PC3 and C4-2 cells
and measured the m5C modification of ACC1 mRNA. The results
revealed that depletion of NSUN5 in PCa cells not only reduced
the level of m5C-modified ACC1 mRNA, but also decreased the
rate of m5C-modified mRNA in total mRNA (Fig. 5B, C). To verify
whether NSUN5 directly modifies ACC1 mRNA, we constructed a
Flag-NSUN5 vector and confirmed that ACC1 mRNA was
significantly enriched in the immunoprecipitates pulled down by
anti-Flag (Fig. 5D, E). Consistently, NSUN5, but not CDK13, was
pulled down by biotinylated probe specifically recognizing ACC1
mRNA (Fig. 5F). These results suggested that NSUN5 can directly
bind to and modify the ACC1 mRNA.
Subsequently, PC3 and C4-2 cells were transfected with a vector

encoding wild-type (wt) or mutant forms (oeNSUN5-mut, K65A/
C404, L405 del) of NSUN5, and the m5C-modified ACC1 mRNA was
detected by MeRIP. Overexpression of NSUN5 (wt), but not its
mutant, significantly elevated the m5C-modified ACC1 mRNA level
and the rate of m5C-modified mRNA in total mRNA (Fig. 5G, H).
Simultaneously, overexpression of NSUN5, but not its mutant,
markedly increased ACC1 protein level (Fig. 5I). As expected, the
lipid deposition was significantly increased in the NSUN5-
overexpressing cells, as indicated by ORO staining (Fig. 5J, K).
We then measured the activity of a luciferase reporter fused to
ACC1-3’ UTR, and the results showed that depletion of CDK13
inhibited, while NSUN5 overexpression enhanced luciferase
activity and reversed the inhibitory effect of CDK13 knockdown
on luciferase activity (Fig. 5L). Further, to investigate whether the
m5C modification of ACC1 mRNA by NSUN5 facilitates mRNA
stability, we blocked new RNA synthesis with actinomycin D and
then examined the stability of CDK13 and NSUN5 mRNA. The
results showed that CDK13 knockdown significantly reduced,
while NSUN5 overexpression increased ACC1 mRNA stability,
abrogating the decrease in the stability of ACC1 mRNA caused by
CDK13 knockdown (Fig. 5M). Also, the similar results were
obtained by using a nascent RNA capture assay (Fig. 5N). Taken
together, the above results indicated that the m5C modification of
ACC1 mRNA by NSUN5 promotes ACC1 expression and lipid
deposition in PCa cells.

ALYREF facilitates the nuclear export of ACC1 mRNA mediated
by NSUN5 in an m5C-dependent manner
Because it is known that ALYREF, the main nuclear m5C reader,
promotes mRNA nuclear export [27], we hypothesized that the
m5C modification of mRNA mediated by NSUN5 facilitates the
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nuclear export of ACC1 mRNA. To test this, we knocked down the
m6A “reader” YTHDF2 or m5C “readers” YBX1 and ALYREF
(Supplementary Fig. 7) and detected ACC1 mRNA expression. As
shown in Fig. 6A, only knockdown of ALYREF reduced ACC1 mRNA
expression level in these two cells. Western blot analysis also
revealed that depletion of ALYREF, but not YTHDF2 or YBX1,
down-regulated ACC1 protein level, without affecting the expres-
sion of ACLY (Fig. 6B). Next, a RNA immunoprecipitation (RIP)-PCR
was performed to examine the binding between ALYREF and
ACC1 mRNA, and the results showed that ACC1 mRNA was
significantly enriched in the anti-ALYREF immunoprecipitates
(Fig. 6C). As expected, deletion of NSUN5 in PC3 and C4-2 cells

markedly reduced the m5C-modified ACC1 mRNA level but did
not affect the total ACC1 mRNA (Fig. 6D). Consistently, a
biotinylated probe recognizing ACC1 mRNA, but not CDK13
mRNA, effectively pulled down the ALYREF and NSUN5 protein
(Fig. 6E). These data suggested that ALYREF directly binds to m5C-
modified ACC1 mRNA.
Because ALYREF regulates gene expression by promoting

nuclear-cytoplasmic shuttling of mRNA and the nuclear-
cytoplasmic shuttling of ALYREF is regulated by NSUN5 [27, 28],
we wanted to test whether ALYREF stimulates the nuclear export
of ACC1 mRNA through its nuclear-cytoplasmic shuttling. There-
fore, we isolated the nuclear and cytoplasmic fractions from the

Fig. 5 NSUN5 promotes ACC1 expression and lipid deposition by regulating the m5C modification of ACC1 mRNA. A Methylated RNA was
immunoprecipitated by an m5C specific antibody (MeRIP), and then qPCR detected the level of m5C-modified ACC1 mRNA in the BPH and
PCa tissues. B PC3 and C4-2 cells were transfected with shNSUN5 or control vector, and then MeRIP-qPCR examined m5C-modified ACC1
mRNA. C PC3 and C4-2 cells were ransfected as in (B) and then the UHPLC-MRM-MS/MS analysis detected the m5C methylation levels in the
total mRNA. D PC3 cells were transfected with Flag-NSUN5 or a control vector (Flag), followed by CoIP to examine the interaction between
CDK13 and NSUN5 and the efficacy pulled down by anti-Flag antibody. E PC3 and C4-2 cells were transfected as in (D), and RNA
immunoprecipitation (RIP) with anti-Flag antibody detected the NSUN5 binding to ACC1 mRNA. F Lysates of PC3 cells were pulled down with
biotinylated probe recognizing CDK13 or ACC1 mRNA, and then NSUN5 in the precipitates was detected by western blotting. G PC3 and C4-2
cells were transfected with a vector encoding wild-type or mutant forms (oeNSUN5-mut, K65A/C404, L405 del) of NSUN5, and then MeRIP-
qPCR examined m5C-modified ACC1 mRNA. H PC3 and C4-2 cells were treated as in (G), and the UHPLC-MRM-MS/MS measured the m5C
methylation levels in the total mRNA. I PC3 and C4-2 cells were treated as in (G), Western blot detected ACC1 and NSUN5 protein level.
J, K ORO staining examined lipid accumulation in PC3 and C4-2 cells transfected with oeNSUN5 or mutant oeNSUN5. Scale bar= 20 μm.
L ACC1 3’UTR was cloned into a psiCHECK™-2 Vector and then co-transfected into HEK-293T cells with shCDK13 or oeNSUN5, alone or
together, and then a luciferase reporter assay detected the luciferase activity of ACC1 3ʹ-UTR luciferase reporter. M PC3 and C4-2 cells were
transfected with the indicated constructs, followed by stimulation with actinomycin D for 0, 2, 4, 8 and 16 h. The ACC1 mRNA was determined
by RT-qPCR. N RT-qPCR detected total and nascent ACC1 mRNA in oeNSUN5-overexpressed PC3 cells treated with or without actinomycin D
or EU. ActD: actinomycin D; EU(-): without EU treatment. All data are expressed as the mean ± SEM of 3 independent experiments. *P < 0.05,
#P < 0.05, ##P < 0.01 and **P < 0.01 vs. their corresponding controls.
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NSUN5-depleted PC3 cells and detected the subcellular distribu-
tion of ALYREF. As shown in Fig. 6F, G, knockdown of NSUN5
blocked the nuclear export of ALYREF and thus decreased its
cytoplasmic distribution. Furthermore, we examined whether the
RNA-binding affinity of ALYREF is regulated by CDK13 and NSUN5.
The PAR-CLIP experiment revealed that knockdown of CDK13 in
PC3 cells decreased ALYREF RNA-binding affinity, which could be
restored by overexpressing the wild-type, but not mutant forms
(mut) of NSUN5 (Fig. 6H, I).

In the further experiments, we isolated the cytoplasmic and
nuclear RNA from PC3 cells transfected with oeNSUN5 or empty
vector and examined the subcellular distribution of ACC1 mRNA.
We found that ACC1 mRNA was equally distributed within both the
cytoplasm and nucleus in empty vector-transfected cells, but upon
overexpression of NSUN5, the distribution of ACC1 mRNA in the
cytoplasm was significantly increased, while the distribution in the
nucleus decreased correspondingly, without significant change in
the distribution of GAPDH and U6 mRNA between the cytoplasm

Fig. 6 ALYREF facilitates the nuclear export of ACC1 mRNA mediated by NSUN5. A PC3 and C4-2 cells were transfected with specific siRNA
against YTHDF2 (siYTHDF2), YBX1 (siYBX1) or ALYREF (siALYREF), and then RT-qPCR detected ACC1 mRNA expression. B PC3 and C4-2 cells
were transfected with oeNSUN5 alone or in combination with the indicated siRNAs, and then Western blotting examined ACC1 expression.
C RIP-PCR detected the ACC1 mRNA interaction with ALYREF in PC3 and C4-2 cells. D PC3 and C4-2 cells were transfected with shNSUN5 or
control vector (pLKO), m5C-modified and total RNA of ACC1 were detected by RT-qPCR. E Lysates of PC3 cells were pulled down with
biotinylated probe recognizing CDK13 or ACC1 mRNA. ALYREF and NSUN5 in the precipitates were detected by western blotting. F, G PC3
cells were transfected as in (D), and the nuclear and cytoplasmic fractions were isolated using NE-PER nuclear and cytoplasmic extraction
reagents. Western blotting detected the subcellular distribution of ALYREF. H, I PAR-CLIP assay detected the ALYREF RNA-binding affinity. PC3
cells were transfected with the indicated constructs, and RNA was labeled with biotin at its 3’ end. RNA pulled down by Flag-ALYREF was
detected and visualized by a chemiluminescent nucleic acid module. J PC3 cells were transfected with oeNSUN5 (oe) or pWPI (pW), and then
RNA was isolated from the nucleus (Nuc) and cytoplasm (Cyt). mRNA of GAPDH, ACC1 and U6 was detected by RT-qPCR. K PC3 cells were
treated as in (J), and the expression of NSUN5 protein and ACC1 mRNA as well as their distribution in the nucleus and cytoplasm were
observed by immunofluorescence combined with FISH. Anti-NSUN5 antibody was used to detect NSUN5 protein (red), while the FITC-labeled
probe was used to detect ACC1 mRNA (green). Scale bar= 5 μm. L Quantitative analysis of ACC1 mRNA fluorescence intensity in (K). All data
are expressed as the mean ± SEM of 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 vs. their corresponding controls.
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and nucleus (Fig. 6J). Also, we performed an immunofluorescence
staining combined with FISH by using the NSUN5 antibody and
FITC-labeled probe of ACC1 mRNA and confirmed that over-
expression of NSUN5 significantly increased the distribution of
ACC1 mRNA in the cytoplasm (Fig. 6K, L). These findings
demonstrated that ALYREF facilitates the nuclear export of ACC1
mRNA mediated by NSUN5 in an m5C-dependent manner.

Phosphorylation of NSUN5 by CDK13 enhances lipid
deposition
Given the important role of CDK13 in the phosphorylation of
downstream target molecules [29], we sought to determine

whether CDK13 promotes the lipid deposition in PCa cells by
phosphorylating NSUN5. To do this, CDK13-overexpressing PC3
and C4-2 cells were treated with or without 1NM-PP1, a potent
inhibitor of Src family kinases, and NSUN5 phosphorylation and
ACC1 expression were detected. The results showed that CDK13
overexpression increased, while 1NM-PP1 treatment decreased
the level of the phosphorylated NSUN5 and ACC1 protein
expression, and partially abolished the promoting effect of
CDK13 overexpression on NSUN5 phosphorylation and ACC1
expression (Fig. 7A). Moreover, we found that the expression level
of total and phosphorylated NSUN5 obviously increased in PCa
specimens compared with BPH tissues (Fig. 7B). Because several

Fig. 7 Phosphorylation of NSUN5 by CDK13 enhances lipid deposition. A PC3 and C4-2 cells were transfected with oeCDK13 and then
treated with 1NM-PP1 (10 μM). Western blot examined NSUN5, p-NSUN5 and ACC1 protein expression. B Western blot analysis detected
NSUN5 and p-NSUN5 expression in BPH and PCa tissues. C C4-2 cells were transfected with the vector encoding NSUN5 (WT) or different
phosphorylation-deficient NSUN5 mutants, and then Western blotting examined NSUN5, p-NSUN5 and ACC1 protein level. D PC3 and C4-2
cells were co-transfected with or without oeNSUN5, oeNSUN5-S327A mutant or oeCDK13, and then Western blotting detected p-NSUN5 and
ACC1 expression. E C4-2 cells were transfected with oeNSUN5 or oeNSUN5-S327A, and then CoIP-Western blotting detected the interaction
between CDK13 and NSUN5. F C4-2 cells were co-transfected with the indicated constructs and then lipid accumulation was detected by ORO
straining. Scale bar= 20 μm. G Quantitative analysis of ORO staining in (F). H PC3 and C4-2 cells were treated as in (F), and then TG and
cholesterol contents were measured as quantitative indicators of lipid deposition. All data are expressed as the mean ± SEM of 3 independent
experiments. *P < 0.05, **P < 0.01 vs. their corresponding controls.
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potential phosphorylation sites in the NSUN5, including Ser167,
Ser290, Ser315, Thr325 and Ser327, and Ser408, were predicted by
GPS 5.0 program [30], we sought to determine which site is
phosphorylated by CDK13 to mediate the expression of ACC1.
Therefore, we constructed a series of the phosphorylation-
deficient NSUN5 mutants. As shown in Fig. 7C, the S290A,
T325A and S327A mutants of NSUN5 remarkably attenuated the
levels of NSUN5 phosphorylation. Intriguingly, among these three
mutants, only the NSUN5-S327A mutant inhibited the promoting
effect of NSUN5 on ACC1 expression. This suggested that NSUN5
phosphorylation at Ser327 is responsible for the up-regulation of
ACC1 expression.
Furthermore, we examined the effect of CDK13-mediated

phosphorylation of NSUN5 on ACC1 expression by overexpressing
NSUN5 and the NSUN5-S327A mutant in PC3 and C4-2 cells.
Overexpression of NSUN5 or CDK13 alone significantly enhanced
the level of p-NSUN5 and ACC1 expression, and concurrent

overexpression of both NSUN5 and CDK13 had an additive effect.
As expected, overexpression of the phosphorylation-deficient
NSUN5-S327A mutant not only reduced the level of p-NSUN5, but
also largely lost the ability to upregulate ACC1 expression (Fig. 7D).
Simultaneously, compared with wild-type NSUN5, the mutation of
phosphorylation site Ser327 obviously interfered with its interac-
tion with CDK13 (Fig. 7E). These results indicated that CDK13
promotes ACC1 expression by interacting with NSUN5 and thus
phosphorylating NSUN5 at Ser327.
Subsequently, we examined the effect of the mutation of

NSUN5 phosphorylation site Ser327 on the lipid deposition in PCa
cells, and found that the lipid deposition was much lower in the
NSUN5-S327A mutant-overexpressing C4-2 cells than in wild-type
NSUN5-overexpressing cells, and knockdown of CDK13 partially
counteracted the promotion of lipid deposition by overexpression
of NSUN5 (Fig. 7F, G). Consistently, compared with NSUN5-
overexpressing cells, the contents of TG and cholesterol were

Fig. 8 Blockade of CDK13/NSUN5/ACC1 pathway-mediated fatty acid synthesis inhibits PCa progression. A C4-2 cells were transfected
with shNSUN5 and then treated with or without 1NM-PP1 (10 μM), lipid accumulation was measured by ORO straining. B Quantitative analysis
of ORO staining in (A). C PC3 and C4-2 cells were treated as in (A), and cell viability was assessed by MTS assay. D Xenograft tumor models in
nude mice were established by implanting PC3 cells with stable knockdown of NSUN5. From the first day, the mice were intraperitoneally
injected with 20mg/kg 1NM-PP1 every two days. Representative tumor sizes in each group were shown. E Tumor volumes were measured
with calipers and calculated by the formula: (length × width2)/2. F Wet weight of the xenograft tumors was determined after tumor resection.
GWestern blotting detected the expression of NSUN5, p-NSUN5, ACC1 and ACLY proteins in xenograft tumors. H The expression of ACC1 and
p-NSUN5 in xenograft tumors was detected by double immunofluorescence staining. Red: ACC1; green: p-NSUN5; blue: DAPI. Scale
bar= 25 μm. I Quantitative analysis of fluorescence intensity of ACC1in (H). J Nile red staining detected the lipid deposition in xenograft
tumors. Red: lipids; Blue: nuclei. Scale bar= 25 μm. K Quantitative analysis of Nile red staining in (J). L A proposed model illustrating the
CDK13/NSUN5/ACC1 regulatory pathway-mediated fatty acid synthesis and lipid deposition. All data are expressed as the mean ± SEM of 3
independent experiments. *P < 0.05, **P < 0.01 vs. their corresponding controls.
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significantly decreased in the NSUN5-S327A mutant-overexpres-
sing PC3 and C4-2 cells, with CDK13 knockdown further reducing
TG and cholesterol contents (Fig. 7H). Taken together, the above
results suggested that NSUN5 phosphorylation at Ser327 by
CDK13 is required for lipid deposition in PCa cells.

Blockade of CDK13/NSUN5/ACC1 pathway-mediated fatty acid
synthesis inhibits PCa progression
Next, we sought to evaluate the therapeutic relevance of CDK13/
NSUN5/ACC1 regulatory pathway in PCa. Considering that 1NM-
PP1 inhibits the phosphorylation of several proteins by Src family
kinases, including CDK13 [29], and we found that the phosphor-
ylation of NSUN5 by CDK13 facilitated lipid deposition in PCa cells,
we explored whether 1NM-PP1 could block CDK13/NSUN5/ACC1
pathway-mediated lipid deposition and PCa cell proliferation.
Therefore, we performed ORO staining and cell viability assay to
examine the effect of 1NM-PP1 on lipid deposition and cellular
proliferation in PCa cells. As shown in Fig. 8A, B, 1NM-PP1
treatment or NSUN5 knockdown significantly depressed lipid
accumulation in PC3 cells, and this suppressive effect was further
enhanced by 1NM-PP1 treatment combined with NSUN5 knock-
down. Cell viability assay revealed that 1NM-PP1 treatment or
NSUN5 depletion significantly repressed cellular proliferation in
PC3 and C4-2 cells, and the combination of both of them further
enhanced the inhibitory effect on cellular proliferation (Fig. 8C). To
verify the in vivo relevance of these in vitro findings and tested
whether manipulating NSUN5 phosphorylation with 1NM-PP1
could regulate lipid deposition and PCa progression, we
established a xenograft tumor model by implanting PC3 cells
and investigated the effect of 1NM-PP1 treatment on lipid
deposition and PCa progression. As shown in Fig. 8D, 1NM-PP1
treatment or NSUN5 depletion in PC3 cells drastically reduced
xenograft tumor growth to a similar extent, and 1NM-PP1
treatment combined with NSUN5 knockdown further strength-
ened the inhibitory effect on tumor growth. In parallel, the same
changes in the volume and wet weight of xenograft tumor were
observed (Fig. 8E, F). Further, we examined the effect of 1NM-PP1
on NSUN5 phosphorylation and ACC1 expression in xenograft
tumor, and found that 1NM-PP1 treatment substantially reduced
the expression level of p-NSUN5 and ACC1, and 1NM-PP1
treatment combined with NSUN5 depletion further enhanced
the inhibitory effect on ACC1 expression, without influence on the
ACLY expression (Fig. 8G). Immunofluorescence staining of
p-NSUN5 and ACC1 in the xenograft tumor yielded the same
results as Western blot analysis (Fig. 8H, I). Notably, 1NM-PP1
treatment or NSUN5 depletion in PC3 cells strikingly attenuated
lipid deposition in xenograft tumor, and this inhibitory effect was
further enhanced upon 1NM-PP1 treatment combined with
NSUN5 knockdown (Fig. 8J, K).
Taken together, our results provide a novel insight into the

functional roles of CDK13/NSUN5/ACC1 regulatory pathway in the
development and progression of PCa, and targeting this pathway
may be a novel therapeutic strategy for the treatment of PCa
(Fig. 8L).

DISCUSSION
CDKs can be broadly divided into two major subclasses: cell
cycle–associated CDKs that directly regulate cell cycle progression
and transcription-associated CDKs, and CDK13 belongs to the
latter [17]. Transcription-related CDKs, such as CDK13, promote the
transcription of genes by phosphorylating the carboxyl-terminal
domain (CTD) of RNA Pol II (RNA Pol II). In addition to the CTD that
phosphorylates RNA Pol II, these CDKs may also function through
phosphorylation with factors critical to transcriptional or other
processes. A variety of pre-mRNA processing and RNA splicing
factors have been identified as potential substrate and protein
binding partners by phosphorylated proteomics and affinity

purification mass spectrometry [17, 31]. However, other substrates
for these CDKs have yet to be identified. Here, we identified RNA-
methyltransferase NSUN5 as a novel target of CDK13, and
characterized that a previously unrecognized CDK13/NSUN5/
ACC1 regulatory pathway mediates the fatty acid synthesis and
lipid accumulation in PCa cells.
Acetyl-CoA is a precursor for the synthesis of fatty acids, and

fatty acids are the main raw materials for lipid synthesis [32]. Since
acetyl-CoA synthesized in mitochondria cannot be transported
directly across the inner mitochondrial membrane to the cytosol,
its carbon atoms first form citrate by combining with oxaloacetate.
The citrate is transported from mitochondria to the cytoplasm via
citrate transporter (CTP)-mediated citrate shuttle, where it is
cleaved by ATP citrate lyase (ACLY) to generate acetyl-CoA [33]. In
the cytoplasm, acetate can also be converted to acetyl-CoA by
acetyl-CoA synthase (ACSS) [34]. Then, acetyl-CoA carboxylase
(ACC) is the first rate-limiting enzyme in fatty acid synthesis, which
carboxylates acetyl-CoA to malonyl-CoA [35]. Under the action of
fatty acid synthase (FASN) and other enzymes, malonyl-CoA
combines with acetyl-CoA to generate 16-carbon saturated fatty
acid palmitate [36]. Palmitate is then elongated by elongases and/
or desaturated by desaturases to produce various fatty acids.
Despite increasing understanding of the fatty acid synthesis, the
underlying mechanism of the dysregulation in fatty acid
biosynthesis during PCa tumorigenesis and development is not
fully understood. Our previous study found that increased CDK13
facilitates circCDK13 production and promotes PCa cell prolifera-
tion and tumor progression by interacting with E2F5 [22].
Surprisingly, this study showed that increased expression of
CDK13 in PCa cells promotes lipid deposition. Lipidomics analysis
revealed that CDK13 upregulation in PCa cells significantly
increases fatty acyl chains and lipid classes. Additionally, the
expression level of CDK13 is positively correlated with the
expression of key genes involved in fatty acid synthesis, such as
ACLY, ACSS2, ACC1 and FASN. But until now, it is unclear how
CDK13 is involved in the dysregulation of lipid metabolism in
PCa cells.
Methylation modification of mRNA plays an important regula-

tory role in a variety of tumor processes by regulating RNA
stability, subcellular localization, and the efficiency of its transla-
tion into protein [37, 38]. Depending on the sites of methylation
modification, RNA methylation mainly includes m6A, m1A, m5C,
m7G, and 2-O-methylation modifications [37]. The level of RNA
methylation is regulated by writers, readers and erasers, and
various writers and readers play crucial roles in cancer progression
[39]. Several recent studies have confirmed that RNA methylation
participates in the regulation of the lipid metabolism, which
provides new ideas for future drug development for the therapy
of tumor and metabolic diseases [40]. Indeed, Guo et al. found that
m6A Reader HNRNPA2B1 promotes esophageal cancer progres-
sion by upregulating ACLY and ACC1 [13]. The methyltransferase
METTL3 inhibits hepatic insulin sensitivity and promotes fatty acid
synthesis through N6-methyladenosine modification of FASN
mRNA [41]. 5-Methylcytosine (m5C) is one of the most abundant
RNA modifications in eukaryotic cells and is widely distributed in
RNAs involved in various biological processes [39]. Studies have
found that the targets of m5C modification include cytoplasmic
and mitochondrial ribosomal RNA (rRNA), transfer RNA (tRNA),
messenger RNA (mRNA), enhancer RNA (eRNA), and some non-
coding RNAs [42]. In eukaryotic cells, the RNA m5C modification is
generally catalyzed by the NOL1/NOP2/SUN domain (NSUN)
family of enzymes and the DNA methyltransferase homolog
DNMT2 [43]. NSUN5 is an important member of the NOL1/NOP2/
SUN domain (NSUN) family. Studies have found that NSUN5 acts
as a ribosomal RNA methyltransferase to regulate global protein
synthesis and normal growth [26]. NSUN5 and ALYREF expression
is upregulated in metastasis stage of head and neck squamous cell
carcinoma [44]. However, the m5C modification of mRNA by
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NSUN5 is less reported. In this study, we found that CDK13
interacts with NSUN5 to promote its phosphorylation at Ser327. In
turn, phosphorylated NSUN5 catalyzes the m5C modification of
ACC1 mRNA, and then m5C-modified ACC1 mRNA binds to
ALYREF and is transported to the cytoplasm, leading to an
increase in ACC1 expression. Thus, NSUN5 mediates the promot-
ing effect of CDK13 upregulation on ACC1 expression and lipid
deposition in PCa cells. As a transcription-associated kinase [45],
CDK13 promotes the m5C modification of ACC1 mRNA by NSUN5
via inducing NSUN5 phosphorylation at Ser327. Our findings
reveal a novel function of CDK13 in regulating the ACC1
expression and identify a previously unrecognized CDK13/
NSUN5/ACC1 pathway that mediates lipid accumulation and PCa
progression.
Although 5-methylcytosine (m5C) is a widespread modification

in RNAs, its regulatory and biological roles in cancer remain largely
unknown [46]. The modification of m5C in RNAs is dynamically
regulated by its related enzymes, mainly catalyzed by NSUNs,
DNMTs, and TRDMTs family members (m5C writers), while
demethylases (m5C erasers) TET and ALKBH1 promote demethyla-
tion, and m5C readers ALYREF, YTHDF2 and YBX1 bind to m5C
[47]. As “Readers”, ALYREF, YTHDF3 and YBX1 play important roles
in the regulation of mRNA stabilization and the nucleus export.
Among them, the mRNA export factor ALYREF specifically
recognizes m5C and binds to the m5C modification sites in the
5’ and 3’ regions of mRNA to promote its nuclear export [48]. It has
been demonstrated that NSUN2 regulates ALYREF’s nuclear-
cytoplasmic shuttling, RNA-binding affinity and associated mRNA
export [27]. In the present study, we found that NSUN5 catalyzes
the m5C modification of ACC1 mRNA, and as the “Reader” of m5C,
ALYREF binds with the m5C-modified ACC1 mRNA to increase the
mRNA stability and promote its nuclear export, thereby contribut-
ing to the ACC1 expression up-regulation and fatty acid synthesis
increase in PCa cells.
In summary, our findings suggest that CDK13 promotes fatty

acid synthesis and lipid deposition in PCa cells through up-
regulating the expression of ACC1, a key gene for fatty acid
biosynthesis. Mechanistically, increased CDK13 in PCa cells
interacts with NSUN5 to promote its phosphorylation at Ser327.
In turn, phosphorylated NSUN5 catalyzes the m5C modification of
ACC1 mRNA, and then the m5C-modified ACC1 mRNA binds to
ALYREF to enhance its stability and nuclear export, thus leading to
ACC1 expression up-regulation and lipid deposition in PCa cells.
Our findings reveal a novel function of CDK13 in regulating ACC1
expression and identify a previously unrecognized CDK13/NSUN5/
ACC1 pathway that mediates fatty acid synthesis and lipid
accumulation in PCa cells, and targeting this newly identified
pathway may be a novel therapeutic option for the treatment
of PCa.

MATERIALS AND METHODS
Tumor samples
All patients (median age, 63 years, range, 49 to 81 years) were treated in
the Second Hospital of Hebei Medical University, among
2015.08 ~ 2021.12. For the collection of samples, 82 cases of primary
prostate cancer tissue were obtained by radical prostatectomy. 43 cases of
BPH tissue were obtained from transurethral resection of the prostate, as
described previously [22, 49]. PCa tissue specimens were examined and
confirmed by two pathologists. The patient characteristics are summarized
in Supplementary Table II. The research protocol has been approved by the
ethics committee of the Second Hospital of Hebei Medical University. Each
patient enrolled in the study also signed written informed consent.

Cell lines and transfection
PC3 (CRL-1435; ATCC) and C4-2 (CRL-1740; ATCC) were grown in RPMI 1640
medium (Gibco, USA) containing 10% fetal bovine serum (Clark Bio,
Claymont, DE, USA), penicillin (100 units/ml) and streptomycin (100 μg/ml).
Cell transfection is performed using Lipofectamine 2000 (Invitrogen)

according to the specific steps recommended by the manufacturer [22, 49].
All siRNAs, control siRNAs, mRNA probes, etc. for knockdown genes are
purchased from GenePharma Co., Ltd. (Shanghai, China).

Lentiviral expression plasmid construction and luciferase
assay
Vectors were constructed as previously described [22, 50]. pLKO.1-
shCDK13, pWPI-oeCDK13, pLKO.1-shACC1, pWPI-oeACC1, pLKO.1-
shNSUN5, pWPI-oeNSUN5, psPAX2 packaging plasmids and pMD2G
envelope plasmids were co-transfected into HEK-293 cells. Lentiviral load
was amplified and extracted using standard calcium chloride transfection
293 A method. Cell cultured lentiviral was collected and centrifuged at a
density gradient for concentration, then stored at -80 °C for use. Point
mutations of NSUN5 mutant plasmids were introduced into the wild-type
plasmids by using the Quik-Change Lightning Site-Directed Mutagenesis
Kit (Agilent). The ACC1 3’ UTR sequences containing m5C modification site
were inserted into the NotI and XhoI digested-psiCHECKTM Luciferase
Vector (Promega, USA). All plasmids were verified by DNA sequencing and
isolated using the OMEGA Plasmid Mini Kit (OMEGA, D6942). PC3 cells
were co-transfected with ACC1 3’UTR reporter construct or oeNSUN5 or
shCDK13, or control vectors for 24 h and performed luciferase assay [49].
Collect and lyse cells according to the Dual-Glo Luciferase Assay System
(Promega, Madison, WI) procedure. Luciferase activity was measured on
cell supernatants using Flash and Glow (LB955, Berthold Technologies).

Cell viability assay
MTS and colony formation assay were performed to examine cell viability.
For MTS assay, PC3 or C4-2 cells were transfected with indicated vectors in
96-well plates, and then cultured for 24, 48 or 72 h and counted as
previously described [22]. MTS reagent (Promega, USA) was added to each
well and the absorbance at 495 nm was measured using a microplate
reader (Thermo Fisher, USA). We seed PC3 or C4-2 cells from 100 cells/well
into a well plate for colony formation assay. PC3 or C4-2 were cultured for
7-10 days and fixed with glacial methanol solution. It is then stained with
0.5% crystalline violet court colonies. Finally, count the colonies with a
microscope.

Hematoxylin and eosin, and immunofluorescence staining
Fresh PCa and BPH tissues were fixed in formalin and sliced 5-μm thick.
Tissue sections were used to hematoxylin and eosin and immunofluores-
cence staining. For immunofluorescent staining [22, 49], cultured cells and
tissue slides were permeabilized with Triton X-100, blocked with goat
serum and then treated with indicated primary antibody. Fluorescein-
conjugated secondary antibodies were reacted with slides, and nuclei were
stained with DAPI. Acquire images using a Leica microscope (Leica
DM6000B, Switzerland) and digitized using LAS V.4.4 (Leica).

Immunofluorescence combined with fluorescence in situ
hybridization (FISH)
Cultured PC3 cell slides were fixed in 4% paraformaldehyde. In situ
hybridization was performed by using the miRCURY LNATM microRNA ISH
Optimization Kit (Exiqon), as previously described [51]. Fluorescently
labeled ACC1 mRNA probes were hybridized with hybridization buffer
(Exiqon). Rigorous gradient washes were performed with SSC buffer. Slides
were blocked with goat serum, and reaction with anti-NSUN5 primary
antibody (ab121633) for 1 h. Finally, the slides were treated with secondary
antibody (KPL, USA) and images are obtained by using a Leica microscope
(Leica DM6000B).

Western blot analysis
Total protein was extracted using RIPA buffer and protease inhibitor
cocktail, as previously described [22, 49]. Quantify the lysate supernatant
and load an equal amount of protein onto the gel. After separation by SDS-
PAGE, proteins were electrotransferred onto polyvinylidene fluoride (PVDF)
membranes (Millipore). After block with skim milk for 2 h, the membrane
was incubated with the primary antibody as follows: ACC1 (1:1000,
ab45174), ACLY (1:1000, ab40793), ACSS1 (1:500, 17138-1-AP), ACSS2
(1:500, ab66038), SLC25A1 (1:1000, 15235-1-AP), XBP1 (1:1000, ab37152),
CDK13 (1:500, PA5-67681), NSUN5 (1:500, 15449-1-AP), Flag (1:1000, 20543-
1-AP), ALYREF (1:1000, ab202894), GAPDH (1:1000, 60004-1-Ig), Tubulin
(1:1000, 11224-1-AP), Phospho-(Ser) CDKs Substrate Antibody (1:500,
#2324), CDK6 (1:1000, ab124821), and β-actin (1:1000, sc-47778). After
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reaction with HRP-conjugated secondary antibody (1:10000, Rockland), the
membrane was incuated with Chemiluminescent HRP Substrate (Millipore)
and detected by Fuazon Fx (Vilber Lourmat).

Quantitative real-time PCR
The Total RNA Kit II (Omega, #R6934) was used to isolate total RNA, and
RNA Subcellular Isolation Kit (Active Motif, 25501) was used to extract the
cytoplasmic and nuclear RNA. Nascent RNA transcripts were captured and
isolated by using Click-iT Nascent RNA Capture Kit (Invitrogen) [52]. RNA
were measured using a NanoDrop 2000 Spectrophotometer. First-strand
cDNA was synthesized using the M-MLV First Strand Kit (Life Technologies).
qRT-PCR analysis of mRNA using diluted cDNA was performed on an ABI
7500 FAST system using the Platinum SYBR Green qPCR Super Mix UDG Kit
(Invitrogen). GAPDH was used for total RNA or cytoplasmic RNA, while U6
was used as the reference gene for nuclear RNA. Calculated using the
2-ddCt formula as previously described [53, 54]. All primers used in this
study are summarized in Supplementary Table III.

Co‑immunoprecipitation (CoIP) assay
CoIP assay was performed by a Pierce™ Classic Magnetic IP/Co-IP Kit
(Thermo, #88804). Briefly, cultured cells were treated by Lysis/Wash Buffer
in ice and the lysates were immunoprecipitated with anti-CDK13 or anti-
NSUN5 or Flag for 1 h at room temperature. The pre-washed pierce protein
A/G magnetic beads were added to the lysates for incubating 1 h at room
temperature. After wash, magnetic beads-antigen-antibody complexes
were collected by magnetic stand. Wash the complex with elution buffer
and finally use western blot for detection of bound proteins.

Proximity ligation assay (PLA)
PLA was performed to examine protein interactions [22]. Briefly, PC3 cells
were cultured and fixed using 4% paraformaldehyde. Slides were then
subjected to PLA assay using anti-CDK13 and anti-NSUN5. PLA kits (Roche,
4898117001) for In Situ were used to explore the interaction proteins.
Fluorescence was detected using Leica microscope (Leica DM6000B,
Switzerland).

Xenograft animal model
The animals involved in this study were approved by the ethics committee
of the Second Hospital of Hebei Medical University (2021-R069). Every
effort was made to minimize pain during the experiment. 5 × 106 PC3 cells
stably expressing shCDK13 or shACC1 or shCDK13 and shACC1, or
shNSUN5, were resuspended in 0.2 mL PBS and mixed with 50% Matrigel
(BD, 356234); the suspension was then injected subcutaneously into the
back of both sides of nude mice (Weitong Lihua, 4–6 weeks, 18–22 g, 12
mice in each group). After the experiment, mice were injected with 20mg/
kg of 1NM-PP1 every two days. The tumor volume was measured with
calipers and calculated using (volume= [(length×width2)/2]) formula. At
the end of the experiment, mice were euthanized by cervical dislocation.
Finally, the tumor tissue was immediately fixed with 4% formaldehyde or
frozen in liquid nitrogen for later use.

Mass spectrometry–based lipidomics
Cell lipidomics assays were performed as previously described [55].
Cultured cells were lysed and homogenized with ice-cold phosphate-
buffered saline (PBS). A small amount of cell lysate was set aside to
quantify DNA for normalization. Use a modified Bligh-Dyer protocol by
adding equal volumes of CHCl3, 900 mL of 1 N HCl:CH3OH 1:8 (v/v), and
500mg of the antioxidant 2,6-di-tert-butyl-4-methylphenol (Sigma). After
thorough mixing and centrifugation until phase separation, the lower
organic fraction was collected and the lipid particles were stored at 20 °C
under argon. Reconstitute lipid particles based on adding 1mL of diluent
per 1 mg of DNA. The ratio of diluent was (CH3OH:CHCl3:NH4OH,
90:10:1.25). Lipids were analyzed by electrospray tandem mass
spectrometry on an ion trap mass spectrometer (4000 QTRAP system, AB
SCIEX).

Oil red O staining and Nile red staining
Cultured cell or tissue cryosections (8 μm) were fixed in 4% formalin. Stain
with freshly prepared Oil Red O working solution for 15min. Alum
hematoxylin is used to stain the nucleus. Neutral resin mounts the tissue.
For Nile Red staining, the fixed tissue sections were incubated with Nile
Red solution. After wash, section was incubated with 4’,6-diamidino-2-

phenylindole fluorescent mounting medium and image was acquired with
a confocal laser scanning microscope (D6000, Leica, Germany).

TG and cholesterol measurement assay
Measurements of TG and cholesterol levels in cells or tissues were
performed as previously described [23]. TG Assay Kit (Bioengineering,
Catalog A110-1-1) was used to detect total TG and the Total Cholesterol
Assay Kit (Bioengineering, Catalog A111-1-1) was used to examine
Cholesterol. Cultured cells or tumor tissues were lysed in saline using a
sonicator or abrader, and centrifuged at 4 °C. The supernatant and mix it
with reagent in a 96-well plate in the dark. Finally, samples were detected
on a microplate reader (Thermo Fisher, USA) with a wavelength of 510 nm.
The protein concentration was detected as a control using a BSA kit.

PAR-CLIP
PAR-CLIP was performed as previously description [27]. PC3 cells treated
with the different constructs were cultured in medium supplemented with
4-thiouridine (4-SU) (Sigma). CL-1000 Ultraviolet Crosslinker (UVP) was then
added and crosslinked by irradiation at 365 nm with 400 mJ/cm2. Cells
were harvested and lysed by spinning. The supernatant was collected by
centrifugation at 4 °C. The supernatant was digested with RNase T1. Then,
the supernatant was incubated with magnetic beads. The beads were
digested again with RNase T1, then washed and resuspended in
dephosphorylation buffer. Add calf intestinal alkaline phosphatase (CIP,
NEB) and incubate at 37 °C with gentle rotation. Then wash the beads with
wash buffer. Follow the manufacturer’s instructions to label the protein-
RNA-bead complex with biotin using the RNA 3’ Terminal Biotinylation Kit
(Thermo). About one-sixth of the samples detected protein-RNA interac-
tions via SDS-PAGE. The relative density of RNA bound to a specific protein
is analyzed by quantity one.

RNA immunoprecipitation (RIP) assay
RNA and protein interaction was examined by RIP according to
Dynabeads™ Protein G Immunoprecipitation Kit (10007D, Thermo Fisher)
instruction [56]. Briefly, cells were harvested and lysed using NETN buffer.
Next, the Dynabeads bead-RNA complexes were washed 3 times with
NETN buffer. RNA isolation and purification were then performed using an
RNA purification kit (RNAeasy Mini Elute Kit, QIAGEN). Finally, the RNA
fractions obtained were detected and quantified using NanoDrop 2000
(Thermo-Fisher) and subsequently used for RT-qPCR analysis.

Evaluation of m5C methylation
m5C methylation analysis in cells was performed as previously described
[56]. Briefly, incubate 1 µg of anti-m5C antibody (ab10805), 20 µg of cellular
RNA, and 20 µL of protein G agarose in IPP buffer containing 200 µL of 1 U/
µL RNase inhibitor for 2 h at 4 °C. After that, the beads were washed five
times with IPP buffer. RNA isolated from IP beads was reverse-transcribed
(RT) followed by RT-qPCR analysis.

Statistical analysis
All data are expressed as the mean ± SEM of three independent
experiments. Student’s t test was used to analyze differences between
two groups. Values of P < 0.05 were considered statistically significant.
GraphPad Prism 8.0 software was used for the statistical analysis
(GraphPad Software).

DATA AVAILABILITY
All data is included within the main text and supplementary files.
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