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Proteasome inhibition induces
DNA methylation alteration by
attenuating the synthesis of DNA
methyltransferase 1 and 3B in
colorectal cancer
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Proteasome is an essential organelle responsible for maintaining cellular protein homeostasis, but its
relationship with DNA methylation remains unknown. In this study, we assessed DNA methylation

of colorectal cancer (CRC) cells following treatment with proteasome inhibitors, and investigated

the underlying mechanism of DNA methylation changes and the biological effects on CRC cells. We
established that inhibition of proteasome leads to significant alterations in DNA methylation profile
in CRC by suppressing the synthesis of DNA methyltransferases (DNMTs). We found that treating CRC
cells with proteasome inhibitors results in attenuated translation of DNMT1 and DNMT3B, mediated
by the inactivation of AKT and mammalian target of rapamycin (mTOR), which is dependent on

the accumulation of p300, an acetyltransferase that inhibits AKT through acetylation modification.
Furthermore, we demonstrated that downregulation of DNMT1 and DNMT3B confers protection
against proteasome inhibitor treatment, potentially through reprogramming the transcriptome of
CRC cells, highlighting the significant role of DNMTs in response to disruptions in protein homeostasis.
Interestingly, it appears that the proteasome inhibitor-induced downregulation of DNMT1 and
DNMT3B is specific to CRC. Altogether, our findings reveal an epigenetic effect of proteasome on DNA
methylation in CRC through its regulation of DNA methyltransferase synthesis.
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Proteasome is the primary organelle responsible for the degradation of ubiquitinated proteins in eukaryotic
cells, playing a crucial role in various cellular functions?. Inhibition of proteasome results in accumulation
of misfolded or deleterious proteins, triggering complicated biological effects and toxicity to cells’; therefore,
numerous proteasome inhibitors (PIs) have been developed as anti-cancer agents for clinical treatment®.
However, the pharmacological mechanism of PIs in cancer treatment is not fully understood; moreover, due to
the complicated pharmacological effects of PIs, it remains unclear which phenotype of cancer is sensitive to PI
therapy in clinical practice.

In addition to disrupting proteostasis, inhibition of proteasome also leads to transcriptional and epigenetic
changes, including alterations in histone modification and gene expression, by targeting epigenetic regulators>®.
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This study focuses on the epigenetic impact of PIs on DNA methylation due to its critical role in carcinogenesis
and clinical treatment in cancer’. In mammals, DNA methylation is catalyzed by DNA methyltransferases
(DNMTs), which are frequently mutated or overexpressed in cancer®’, and is counteracted by demethylases such
as Tet methylcytosine dioxygenases (TETs)°. DNMT family is a target for cancer therapy, with numerous DNMT
inhibitors currently undergoing clinical trials”'?. Our investigation into DNA methylation in colorectal cancer
(CRC) revealed distinct changes following PI treatment. We further revealed that Pls induced a remarkable
downregulation of DNMT1 and DNMT3B in CRC, contrary to the reported accumulation observed in other
types of cancer!!. Moreover, we demonstrated that the PI-induced downregulation of DNMT1/3B is mediated
by p300 accumulation and subsequent AKT-mTOR pathway inactivation, leading to a translational inhibition of
DNMT1/3B. Functionally, our findings suggest that downregulation of DNMT1/3B protects CRC cells from PI
treatment, potentially by reprogramming the transcriptome of CRC.

Results

Proteasome inhibition alters DNA methylation profile in CRC

To assess the impact of proteasome inhibition on DNA methylation in CRC, we utilized the Infinium
Methylation EPIC v2.0 BeadChip which covers over 900,000 CpG probes across the human genome!2. CRC cells
were continuously treated with MG132 (0.2uM) for 21 passages, and DNA methylation levels were assessed at
passages 14 and 21, with DMSO-treated cells used as a control. Our results revealed a significant increase of the
CpG sites with altered methylation across the genome as the treatment prolonged (Fig. 1A-B); and the top 10
differentially methylated genes were listed in Table S1-4. Interestingly, there was a large number of demethylated
CpG sites showed up at passage 21 compared to passage 14 (Fig. 1B). The overlapped up- or down- regulation
of DNA methylation between the two passages were shown in Fig. 1C-D and listed in Table S5-6. The number
of hyper-methylation sites is similar between the passage 21 and passage 14, whereas the hypo-methylation
sites remarkably increased in passage 21 cells (Fig. 1D, Fig. S1). These findings led us to further investigate the
alteration of the enzymes responsible for maintaining DNA methylation in CRC.

Proteasome Inhibition attenuates translation of DNMT1 and DNMT3B by inactivating mTOR
in colorectal cancer cells

Given that DNA methylation is catalyzed and maintained by DNMTs, and waived by demethylation enzymes
such as TET family in mammals®’, we initially detected the abundance of DNMTs and TETs. We found that
MG132 induced a remarkable downregulation of DNMT1 and DNMT3B, which was dose- and time-dependent
(Fig. 2A-B), without affecting DNMT3A and TET family (Fig. S2A). The downregulation of DNMT1 and
DNMT3B was also induced by other PIs (Fig. 2C-D); however, this phenotype was not observed in a handful
of non-CRC cell lines examined (Fig. S2B). Given that PIs could activate autophagy'>!%, we blocked autophagy
using chloroquine, a commonly used lysosomal inhibitor, finding that blocking autophagy did not rescue the
MG132-induced downregulation of DNMT1 and DNMT3B (Fig. 2E), ruling out the possibility of antophagy-
dependent protein degradation. Additionally, there was no change in the transcription of DNMT1 and DNTM3B
following PI treatment as determined by RT-qPCR assay (Fig. S2C-D).

To investigate whether PIs inhibit the translation of DNMT1/3B, we performed polysome profiling assay,
finding a global inhibition of protein translation induced by PIs (Fig. 2F); furthermore, the DNMT1/3B specific
translation also displayed a significant decrease, identified by RT-qPCR assay using the polysomal RNA (Fig. 2G).

As a key regulator of metabolism and protein translation, mTOR is significantly activated in cancer'>®.
When protein degradation is blocked by PIs, mTOR rapidly responds by reducing the phosphorylation of
downstream translation factors including p70 S6 kinase and 4E-BP1 713, meanwhile activating autophagy
through the dephosphorylation of its downstream autophagy proteins ULK1/ATG13/FIP200 complex', to
maintain intracellular proteostasis. Based on the reports that PIs repress the activity of mMTOR?*2!, we detected
the phosphorylation of mTOR, validating that MG132 treatment reduced the phosphorylation of mTOR
(Fig. 2H). To verify the role of mTOR in the translational regulation of DNMT1/3B, we treated CRC cells with
rapamycin, a mTORC1-specific inhibitor!¢, revealing that rapamycin downregulates the DNMT1 and DNMT3B,
in agreement of what was observed following PIs treatment (Fig. 2I). Above all, these data support the notion
that PIs inhibit protein translation of DNMT1 and DNMT3B by inactivating mTORCI in CRC.

Proteasome inhibition inactivates AKT-mTOR signal pathway by accumulation of p300

Given the crucial role of AKT as an upstream kinase in activating mTOR!>!6, we detected the alteration
of AKT phosphorylation following PI treatment in CRC cells, finding that PIs inhibit AKT by inducing its
dephosphorylation at S473 (Fig. 3A). Subsequently, we discovered that inhibition of AKT using its inhibitor
BAY1125976 led to a significant decrease of mTOR phosphorylation and downregulation of DNMT1/3B
(Fig. 3B), reminiscent of what was observed in MG132 treated CRC cells. These results collectively support the
notion that the PI-induced translational blockage of DNMT1/3B is mediated by AKT inactivation. Among the
upstream regulators affecting AKT phosphorylation, the histone acetyltransferase p300 (KAT3B) deems to be
a potential mediator of PI-induced AKT inactivation for two reasons: (1) p300 inhibits the phosphorylation
of AKT by mediating its acetylation at K20 22, while this acetylation in the PH domain of AKT blocked the
binding of AKT to PIP,, preventing its membrane localization and phosphorylation®’. (2) The degradation of
p300 is ubiquitin-dependent and proteasome-mediated in cancer cells?’, suggesting the PI treatment potentially
increase its abundance in CRC. Therefore, we hypothesize that PIs inactivate AKT and mTOR through
accumulation of p300 in CRC cells. A number of complementary findings supported our hypothesis: First,
we confirmed the accumulation of p300 protein following MG132 treatment in CRC cells (Fig. 3C). Second,
we demonstrated that overexpressing exogenous p300 led to significant dephosphorylation of AKT at Ser 473,
resulting in downregulation of DNMT1/3B (Fig. 3D); complementarily, knockdown of p300 promotes AKT
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Fig. 1. Proteasome inhibition alters DNA methylation profile in colorectal cancer.

phosphorylation and DNMT1/3B upregulation (Fig. 3E). Moreover, knockdown of p300 reversed the MG132-
induced downregulation of DNMT1/3B (Fig. 3F), indicating that p300 mediates the PI-induced DNMT1/3B
downregulation. Finally, we generated mutant AKT variants on its acetylated lysine K20 (K20Q and K20R),
to validate the role of acetylation in AKT phosphorylation and DNMT1/3B abundance. We found that the
acetylation-mimic mutation (K20Q) attenuated its phosphorylation at S473, and downregulated DNMT1 and
DNMT3B; in contrast, the acetylation-dead mutation (K20R) promoted its phosphorylation and upregulated
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Fig. 2. Proteasome inhibition blocks the translation of DNMT1 and DNMT3B. (A) The abundance of DNMT1
and DNMT3B following the treatment of MG132 with different doses (left) and time-points (right) in HT29
cells were detected by immunoblotting, using p53 as a positive control. (B) The abundance of DNMT1 and
DNMTS3B following the treatment of MG132 (1pM for 24 h) in HCT116, HT29 and LS174T cells were detected
by immunoblotting. (C-D) The abundance of DNMT1 and DNMT3B following the treatment of Bortezomib
(100nM for 24 h) (C) or PI-IX (10uM for 24 h) (D) in multiple CRC cells were detected by immunoblotting.
(E) HT29 cells without or with MG132 treatment were treated with DMSO or Chloroquine of 20uM for

24 h, the abundance of DNMT1 and DNMT3B was determined by immunoblotting. (F) Polysome profiling
analysis was performed in HT29 cells treated with DMSO or MG132 (1uM for 24 h), and polysomal RNA (as
labeled) was collected and reversely transcripted. (G) The mRNA abundance of DNMT1 and DNMT3B in

the polysomal RNA was detected by RT-qPCR assay. (H) The phosphorylation of mTOR (Ser2448) in HT29
without or with MG132 treatment (1uM for 24 h) were detected by immunoblotting. (I) The abundance of
DNMT1 and DNMT3B without or with treatment of Rapamycin (24 h) were detected by immunoblotting.

**P<0.01.

DNMT1 and DNMT3B (Fig. 3G). Taken together, these data supported the notion that PIs inactivate AKT-
mTOR signaling pathway through accumulation of p300.

To illuminate

the mechanism of the CRC-specific downregulation of DNMT1/3B, we detected p300 and

AKT-mTOR activity in non-CRC cells. Interestingly, we observed that PIs could induce the accumulation of
p300 and the inactivation of AKT and mTOR in the MCE-7 breast cancer cell line (Fig. S3A). However, inhibition
of mMTORCI using rapamycin did not induce a downregulation of DNMT1/3B in MCF-7 (Fig. S3B), suggesting
that mTORCI1 does not regulate the translation of DNMT1/3B in this cell line. Furthermore, we investigated
other potential regulators involved in PI-induced AKT-mTOR pathway inactivation, such as DEPTOR which is
known to be upregulated after MG132 treatment in myeloma?*, our immunoblot data revealed that DEPTOR
was not accumulated following MG132 treatment in CRC cells (Fig. S3C). Additionally, considering previous
reports suggesting that Pls inhibit AKT by enhancing PP2A activity?”; we treated CRC cells with PP2A inhibitor
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Fig. 3. Proteasome inhibition inactivates AKT-mTOR signal pathway by accumulation of p300. (A) The
phosphorylation of AKT (Ser473) in HCT116, HT29 and LS174T without or with treatment of MG132 (1uM
for 24 h) was detected by immunoblotting. (B) The abundance of DNMT1 and DNMT3B in HCT116 and
HT29 without or with treatment of BAY1125976 (10 or 20uM for 24 h) was detected by immunoblotting, using
p-AKT and p-mTOR as positive controls. (C) The abundance of p300 in HT29 without or with treatment of
MG132 (1uM for 24 h) was detected by immunoblotting. (D) The phosphorylation of AKT (Ser473) and the
abundance of DNMT1 and DNMT3B without or with exogenous p300 overexpression in HCT116 and HT29
cells was determined by immunoblotting. (E) The phosphorylation of AKT (Ser473) and the abundance of
DNMT1 and DNMT3B without (shCtrl) or with p300 knockdwon (shEP300) in HT29 cells was determined by
immunoblotting. (F) HT29 derivative cell lines (shCtrl or shEP300) were treated with DMSO or MG132 (1uM
for 24 h), the abundance of DNMT1 and DNMT3B was determined by immunoblotting. (G) The abundance of
DNMT1 and DNMT3B in the HT29 cells, without (Vector) or with exogenous expression of wild-type, K20Q
or K20R mutant AKT (FLAG-tagged), was determined by immunoblotting.

Okadaic acid (OA) and found no alteration in DNMT1/3B abundance (Fig. S3D), thereby excluding PP2A as a
mediator for the PI-induced downregulation of DNMT1/3B.

Downregulation of DNMT1 and DNMT3B protects cancer cells against proteasome inhibition
in CRC
To identify the role of PI-induced DNMT1/3B downregulation, we conducted a double-knockdown of DNMT1
and DNMT3B (shDNMT1&3B) in CRC cells to mimic the PI-induced downregulation (Fig. 4A). Our results
demonstrated that simultaneous knockdown of DNMT1 and DNMT3B significantly enhances the cellular
resistance to PI treatment, as determined by CCKS8 assay (Fig. 4B-C) and clone formation assay (Fig. 4D-E).
To reveal the underlying mechanism, we individually knocked down DNMT1 (shDNMT1) and DNMT3B
(shDNMT3B) respectively, and found a significant alteration of transcriptome following depleting either DNMT1
(shDNMT1) or DNMT3B (shDNMT3B), with more upregulated genes than downregulated genes in each
knockdown cells (Fig. 4F). Interestingly, knockdown of either DNMT resulted in the downregulation of specific
core components of the proteasome machinery (Fig. 4G-H), which are also the targets of PIs**?’, potentially
reducing vulnerability to PIs. Above all, these data support the protective role of DNMT1 and DNMT3B
downregulation against proteasome inhibition in CRC through modulation of the cellular transcriptome.

In conclusion, this study identified an epigenetic effect of proteasome inhibition that it induces a translational
inhibition of DNA methyltransferases and an alteration of DNA methylation profile in colorectal cancer, as
summarized in Fig. $4.
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Fig. 4. Downregulation of DNMT1 and DNMT3B protects cancer cells against proteasome inhibition. (A)
The abundance of DNMT1 and DNMT3B in the HT29 cells without (shCtrl) or with double-knockdown

of DNMT1 and DNMT3B (shDNMT1&3B), detected by immunoblotting. (B-C) HT29 derivative cell lines
(shCtrl or hkDNMT1&3B) were treated with MG132 (B) or Bortezomib (C) for 48 h, respectively; and cell
numbers were determined by CCK8 assay. (D-E HT29 derivative cell lines (shCtrl or hkDNMT1&3B) were
treated with MG132 (D) or Bortezomib (E) for 24 h, and colony formation assays were performed with 500/
well to determine the proliferation ability of treated cells. (F) Volcano plots of different expressed genes (DEGs)
in HT29 cells without (shCtrl) or with knockdown of DNMT1 (upper) or DNMT3B (bottom). (G) Functional
enrichment analysis of DEGs in HT29 cells without (shCtrl) or with knockdown of DNMT1 (upper) or
DNMTS3B (bottom), within which, the proteasomal degradation pathway was enriched. (H) Heatmap of DEGs
enriched in proteasomal degradation pathway.

Discussion

DNA methylation is a key epigenetic mechanism that plays an essential role in the regulation of gene expression.
The dysregulation of epigenome in cancer leads to altered DNA methylation patterns, resulting in the silencing
of tumor suppressor genes and the activation of oncogenes®’. In the present study, we uncovered a significant
relationship between proteasome and DNA methylation in CRC, which enhances our understanding of the
biological function of proteasome in epigenetic regulation.
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Our findings indicate that hypomethylation of DNA significantly increases with prolonged treatment of
proteasome inhibitors, suggesting a long-term epigenetic alteration as a response to disturbance of proteaostasis.
This alteration appears to protect cancer cells from PI-induced cell death by modulating their transcriptome.
Furthermore, we demonstrated that PIs attenuate the synthesis of DNMTs mediated by accumulation of p300 and
inactivation of mTOR, leading to the observed alteration of DNA methylation in CRC. Functionally, the central
role of proteasome in maintaining intracellular protein homeostasis suggests that inhibition of proteasome leads
to massive accumulation of misfolded or deleterious proteins, which blocks neo-protein synthesis as a feedback!4,
and activates lysosome-dependent degradation as an alternative pathway to eliminate the accumulated proteins'®.
As a central regulator of proteostasis, inactivation of mTOR induced by Pls attenuates protein synthesis through
decreasing the phosphorylation of downstream translation factors including p70 S6 kinase and 4E-BP1 1718,
while also activating autophagy by reducing the inhibitory phosphorylation of its downstream autophagy
proteins such as ULK1/ATG13/FIP200 complex'’. Several regulatory pathways have been found to explain how
proteasome inhibition represses AKT-mTOR pathway: for example, PIs were reported to inactivate AKT by
promoting the PP2A translocation from cytoplasm to membrane, thereby enhancing its dephosphorylation effect
to AKT?. Another study mentioned PIs inactivates mTOR in lung cancer by accumulating DEPTOR, a strong
suppressor of MTORC1 and mTORC?2 2*. However, our study has demonstrated that PP2A and DEPTOR do not
mediate the PI-induced downregulation of DNMT1/3B in colorectal cancer; whereas p300 was demonstrated to
be a crucial mediator whose accumulation inactivates the AKT-mTOR pathway, leading to synthesis inhibition
of DNMT1/3B.

P300 is a widely distributed protein acetyltransferase catalyzing acetylation of histone or nonhistone substrates
including AKT?%%, The acetylation at Lys20 in the PH domain of AKT catalyzed by p300 blocks the binding
of AKT to PIP,, thereby preventing its membrane localization and phosphorylation®”. Our study revealed that
PIs block the degradation of p300 in CRC, triggering the inactivation of AKT through over-acetylation and
subsequently inhibiting the mTORC1 mediated protein translation. Based on our findings, we have established
a relationship between p300 and DNA methylation; specifically, p300 induces DNA demethylation in CRC by
inhibiting the translation of DNMT1/3B through inactivating AKT. The consequence of downregulation of
DNMT1/3B deems to be protective for CRC cells against PI treatment, by altering the expression of numerous
enzymes in proteasome to decrease the vulnerability to PIs.

A question that warrants further discussion in our study is that why the PI-induced downregulation of
DNMT1/3B is specific to CRC. Indeed, AKT-mTOR pathway is highly activated in CRC due to the mutations of
certain oncogenes or tumor-suppressor genes such as PIK3CA and APC?, but neither the PIK3CA mutation nor
APC mutation fully explain the phenomena: First, the PI-induced translational inhibition of DNMT1/3B was
observed in both PIK3CA wild-type (e.g., LoVo and SW620) and PIK3CA mutant CRC cell lines (e.g., HCT116
and HT29). Additionally, APC wild-type and mutant CRC cells exhibited the same response to PIs. Second, these
phenomena were not observed in non-CRC cell line which harbors PIK3CA mutation (e.g., MCF-7). Therefore,
the genotypes in CRC are not decisive factors for these phenomena. Another possibility is that the mTOR-target
proteins differ between CRC and other cancer types, as mTOR-regulated proteins exhibit tissue-specificity™.
This possibility was supported by the result that PIs induced dephosphorylation of mTOR in non-CRC cells, but
inhibition of mTORCI1 did not downregulate DNMT1/3B in those cells. Nevertheless, the underlying reason
remains unclear and requires further investigation.

Conclusion
This study identified an epigenetic effect of proteasome inhibition that it induces a translational inhibition of
DNA methyltransferases and a long-term alteration of DNA methylation in colorectal cancer.

Materials and methods

Cell culture

All cell lines in this study were purchased from American Type Culture Collection (ATCC, USA). The human
CRC cell lines HT-29, LS174T and Colo320 were cultured in Roswell Park Memorial Institute (RPMI) 1640
medium (Bio Basic Cat# E600028), and HCT116, SW48, SW620 were cultured with Dulbecco’s Modified Eagle
Medium (DMEM) (Gibco Cat# C11965500BT; the human embryonic kidney cell line HEK-293T, human breast
cancer cell line MCF-7, gastric cancer cell line SNU-1 and pancreatic cancer cell line PANC-1 were cultured in
DMEM. All the culture mediums were supplemented with 10% fetal bovine serum (FBS, Procell Cat# 164210),
penicillin (100 U/mL) and streptomycin (100 pg/mL). All cell lines were cultured at 37 °C in a humidified
atmosphere of 5% CO,.

DNA extraction, bisulfite conversion and DNA methylation microarray

CRC Cells were harvested and lysed with lysis buffer (10 mM Tris pH 8.0, 300 mM NaCl, 5 mM EDTA pH 8.0
and 0.5% SDS), and genomic DNA was extracted using as previously reported?!. Bisulfite conversion of DNA
was performed using the EZ DNA methylation kit (Zymo Research, Cat# D5001) following its manufactural
protocol. DNA methylation were detected and evaluated using Infinium MethylationEPIC v2.0 Kit as previously
reported!?. The DNA methylation assay was repeated 3 times for each condition: DSMO control, p14 and p21
after PI-treatment. Methylation densities of each CpG site were compared using t-tests between two conditions
(i.e., p14 vs. DSMO, and p21 vs. p14) and the p-values were corrected using Benjamini and Hochberg method.
CpG sites with adjusted p-values lower than 0.05 and differences in methylation densities larger than 10% were
considered as differentially methylated.
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Cell viability and proliferation assays

Cell viability following the PI treatment was assessed using Cell Counting kit-8 (CCK-8, Beyotime, Cat# C0040)
according to the manufacturer’s instruction. Briefly, cells were seeded in 96-well plates at 2 x 10* cells per well.
After culturing for 12 h, cells were treated with different concentration gradients of PIs for 48 h; then CCK8
solution was added into medium at a concentration of 10% (v/v), incubating in 37 °C for 1 h before measurement.
Absorbance of each well was determined at 450 nm using a Synergy HTX microplate reader (Agilent, USA). The
relative cell numbers were calculated and presented as mean value + standard deviation (mean +SD).

Cell proliferation was assessed by colony formation assay. Briefly, cells plated at a confluence of 70-80%
were treated with PIs for 24 h, then seeded on 6-well plates at a density of 500 cells per well with fresh medium,
growing for another 12-14 days to form colonies. Colonies are fixed with 4% paraformaldehyde (v/v), stained
with 0.5% crystal violet (w/v), and counted manually. Relative formation rates were calculated, and compared
using Student’s ¢-test between groups.

Plasmids, chemicals and antibodies

All the chemicals and antibodies used in the study were summarized in Table S7. Cell lines with stable
knockdown of EP300, DNMT1 and DNMT3B were obtained using lentiviral expression vector pLKO.1 (Addgene
#10878) (shRNA sequences are listed in Table S8) and were screened by puromycin (1 pg/ml). Lentivirus was
packaged in HEK-293T cells. The pcDNA3.1-p300 was purchased from Addgene (#23252). The wild-type
AKT1 (NM_001014431.2) was cloned in the pECMV-3xFLAG-N vector using the In-Fusion” HD Cloning Kit
(Takara Bio, Cat# 639650). The K20R and K20Q mutant AKT1 plasmids were constructed using the Fast Site-
Directed Mutagenesis Kit (TTANGEN, Cat# KM101; primers see Table S9). All plasmids used in this article were
confirmed by Sanger sequencing.

Pharmacological treatment of Pls

The cultured cells were treated with 1 uM MG132 for defined lengths of time (0,12, 24 and 36 h) or treated with
MG132 for 24 h at different concentrates (0,1,2 and 4uM). To test the effects of other PIs, cultured cells were
treated with 100nM bortezomib or 10uM PI-IX for 24 h. The control cells treated with DMSO were assessed
concurrently with the experimental groups. Then cells were harvested for further assays and all experiments
were repeated three times.

Reverse transcription and quantitative PCR (RT-qPCR)

Total RNA was isolated and genomic DNA was removed by the RNA extraction kit (Vazyme, Cat# RC112-01)
following the manufacturer’s instructions. Random-primed reverse transcription of RNA (1 pg) was performed
using Reverse Transcriptase Kit (Vazyme, Cat# R312-02). Real-time PCR analysis was performed using Green
PCR Kit (TransGen, Cat# AQ132-21) on a QuantStudio 7 Flex system (Thermo fisher, USA). The gene-specific
primers were listed in Table S10. RT-qPCR fluorescence signal was converted to cycle times (Ct) normalized to
control (ACt) and final results were expressed as 224, B2M or B-actin was used as an internal control gene for
gene expression normalization.

Western blot assay

Cellular protein extracts were prepared using total protein lysis buffer as previously reported®. Western blot
assay was performed as previously described®?. Briefly, protein samples were separated by 7-10% SDS-PAGE
gels, and transferred to nitrocellulose (NC) membrane (Amershan protran, Cat# 10600002). The membranes
were incubated with primary antibodies overnight at 4°C, and incubated with secondary peroxidase-conjugated
antibodies (ZSGB-Bio company, Cat# ZB-2301, ZB-2305) for 1 h after washing three times with TBST buffer. The
blots were detected with enhanced Chemiluminescence (ECL, Advansta, Cat# 230329-20) by the ChampChemi
610 Plus System (SAGE, China). All Western blots were repeated three times independently.

Polysome profiling assay

Polysome profiling assay was performed as previously described®*. Colorectal cancer cell line HT29, either MG-
132 treated or untreated, were harvested and lysed on ice with lysis buffer (20 mM Tris HCI pH 7.4, 5 mM
MgCl,, 100 mM NacCl, 100 ug/mL cycloheximide, 1% Triton X-100, 40 U/mL RNasin and protease inhibitor
cocktail). The cell extracts were centrifuged at 12,000 g 4 °C for 10 min, and then layered on a 10-50% sucrose
gradient (composed of 25 mM Tris HCI pH 7.4, 5 mM MgCl, and 100 mM NaCl) and centrifuged at 4 °C in a
SW41Ti Beckman rotor for 3.5 h at 35,000 rpm. Absorbance at 260 nm was recorded by using Piston Gradient
Fractionator (Biocomp, USA). Polysomal fractions (fractions 13-22) were pooled, and RNA was isolated using
the RNA extraction Kit as described above for further analysis.

RNA-sequencing (RNA-seq) experiments and data analysis

Total RNA was extracted from cultured cells using Direct-zol RNA miniprep kit (Zymo, Cat# R2052), and
ribosomal RNA was depleted using Ribo-off rRNA Depletion Kit (Vazyme, Cat# N406-01), then libraries was
prepared using VAHTS Universal V8 RNA-seq Library Prep Kit for MGI (Vazyme, Cat# NRM605-01) following
the manufacture’s protocols. The libraries were then sequenced on a MGISEQ-2000 sequencer (MGI) with
MGISEQ-2000RS Sequencing Reagent (MGI) in paired-end 100 bp mode. For data analysis, the raw RNA-seq
reads were first preprocessed to remove adapter and low-quality cycles using Ktrim software (v1.5.0)*%; PCR
duplicates were removed using in-house programs®. The preprocessed reads were then mapped to human
reference genome NCBI GRCh38 using STAR software (v2.7.9a) and expression quantifications were performed
using featureCounts software (v2.0.3) against Ref-Seq gene annotations®. Differential expression analysis was
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performed using DESeq2 package (v1.26.0), and genes with expression changes larger than 1.5-fold and adjusted
p-values lower than 0.05 were considered as differentially expressed.

Statistical analysis

All experiments were biologically repeated at least twice, and the results were presented as mean +SD. Mean
values between two experiment-groups were compared using Students t-test if the data follows normal
distributions, otherwise they were compared using a nonparametric test. Mean values among multiple groups
were compared using one-way ANOVA. All statistical tests were two-sided, and deemed statistically significant
if p value less than 0.05.

Data availability

RNA-seq data has been deposited to Gene Expression Omnibus (GEO) under accession number GSE268199
(the reviewers could access the data using the token: azajwcyilvmblup), and the DNA methylation array data
has been deposited to GEO under accession number GSE26851 (the reviewers could access the data using the
token: krglgyscvradrwp).

Received: 29 September 2024; Accepted: 27 February 2025
Published online: 12 March 2025

References

1. Rousseau, A. & Bertolotti, A. Regulation of proteasome assembly and activity in health and disease. Nat. Rev. Mol. Cell. Biol. 19,
697-712. https://doi.org/10.1038/s41580-018-0040-z (2018).

2. Bard, ]. A. M. et al. Structure and function of the 26S proteasome. Annu. Rev. Biochem. 87, 697-724. https://doi.org/10.1146/annu
rev-biochem-062917-011931 (2018).

3. Thibaudeau, T. A. & Smith, D. M. A practical review of proteasome pharmacology. Pharmacol. Rev. 71, 170-197. https://doi.org/1
0.1124/pr.117.015370 (2019).

4. Fricker, L. D. Proteasome inhibitor drugs. Annu. Rev. Pharmacol. Toxicol. 60, 457-476. https://doi.org/10.1146/annurev-pharmto
x-010919-023603 (2020).

5. Kinyamu, H. K., Bennett, B. D., Bushel, P. R. & Archer, T. K. Proteasome inhibition creates a chromatin landscape favorable to RNA
pol II processivity. J. Biol. Chem. 295, 1271-1287. https://doi.org/10.1074/jbc.RA119.011174 (2020).

6. Kamens, J. L. et al. Proteasome inhibition targets the KMT2A transcriptional complex in acute lymphoblastic leukemia. Nat.
Commun. 14, 809. https://doi.org/10.1038/s41467-023-36370-x (2023).

7. Nishiyama, A. & Nakanishi, M. Navigating the DNA methylation landscape of cancer. Trends Genet. 37, 1012-1027. https://doi.or
g/10.1016/j.tig.2021.05.002 (2021).

8. Zhang, ], Yang, C., Wu, C., Cui, W. & Wang, L. DNA methyltransferases in cancer: biology, paradox, aberrations, and targeted
therapy. Cancers 12 https://doi.org/10.3390/cancers12082123 (2020).

9. Greenberg, M. V. C. & Bourc’his, D. The diverse roles of DNA methylation in mammalian development and disease. Nat. Rev. Mol.
Cell. Biol. 20, 590-607. https://doi.org/10.1038/s41580-019-0159-6 (2019).

10. Mehdipour, P, Chen, R. & De Carvalho, D. D. The next generation of DNMT inhibitors. Nat. cancer. 2, 1000-1001. https://doi.or
¢/10.1038/s43018-021-00271-z (2021).

11. Leng, E. et al. Methylated DNMT1 and E2F1 are targeted for proteolysis by LSMBTL3 and CRL4(DCAF5) ubiquitin ligase. Nat.
Commun. 9, 1641. https://doi.org/10.1038/s41467-018-04019-9 (2018).

12. Noguera-Castells, A., Garcia-Prieto, C. A., Alvarez-Errico, D. & Esteller, M. Validation of the new EPIC DNA methylation
microarray (900K EPIC v2) for high-throughput profiling of the human DNA methylome. Epigenetics 18, 2185742. https://doi.or
¢/10.1080/15592294.2023.2185742 (2023).

13. Wang, D. et al. Proteasome Inhibition boosts autophagic degradation of ubiquitinated-AGR2 and enhances the antitumor
efficiency of bevacizumab. Oncogene 38, 3458-3474. https://doi.org/10.1038/s41388-019-0675-z (2019).

14. Pohl, C. & Dikic, I. Cellular quality control by the ubiquitin-proteasome system and autophagy. Science 366, 818-822. https://doi.
org/10.1126/science.aax3769 (2019).

15. Glaviano, A. et al. PI3K/AKT/mTOR signaling transduction pathway and targeted therapies in cancer. Mol. Cancer. 22, 138.
https://doi.org/10.1186/s12943-023-01827-6 (2023).

16. Panwar, V. et al. Multifaceted role of mTOR (mammalian target of rapamycin) signaling pathway in human health and disease.
Signal. Transduct. Target. Therapy. 8 https://doi.org/10.1038/s41392-023-01608-z (2023).

17. Battaglioni, S., Benjamin, D., Walchli, M., Maier, T. & Hall, M. N. mTOR substrate phosphorylation in growth control. Cell 185,
1814-1836. https://doi.org/10.1016/j.cell.2022.04.013 (2022).

18. Cao, Y, Ye, Q., Ma, M. & She, Q. B. Enhanced bypass of PD-L1 translation reduces the therapeutic response to mTOR kinase
inhibitors. Cell. Rep. 42, 112764. https://doi.org/10.1016/j.celrep.2023.112764 (2023).

19. Dossou, A. S. & Basu, A. The emerging roles of mTORCI in macromanaging autophagy. Cancers 11 https://doi.org/10.3390/cance
rs11101422 (2019).

20. Driessen, C. et al. Promising activity of nelfinavir-bortezomib-dexamethasone in proteasome inhibitor-refractory multiple
myeloma. Blood 132, 2097-2100. https://doi.org/10.1182/blood-2018-05-851170 (2018).

21. Paradzik, T. et al. The landscape of signaling pathways and proteasome inhibitors combinations in multiple myeloma. Cancers 13
https://doi.org/10.3390/cancers13061235 (2021).

22. Sundaresan, N. R. et al. The deacetylase SIRT1 promotes membrane localization and activation of Akt and PDK1 during
tumorigenesis and cardiac hypertrophy. Sci. Signal. 4, ra46. https://doi.org/10.1126/scisignal.2001465 (2011).

23. Xu, S. et al. p300-Mediated acetylation of histone demethylase JMJD1A prevents its degradation by ubiquitin ligase STUB1 and
enhances its activity in prostate Cancer. Cancer Res. 80, 3074-3087. https://doi.org/10.1158/0008-5472.CAN-20-0233 (2020).

24. Vega, M., Chen, Y., Shi, Y., Gera, J. & Lichtenstein, A. Turnover of the mTOR inhibitor, DEPTOR, and downstream AKT
phosphorylation in multiple myeloma cells, is dependent on ERK1-mediated phosphorylation. J. Biol. Chem. 298, 101750. https:/
/doi.org/10.1016/.jbc.2022.101750 (2022).

25. Wei, Q. & Xia, Y. Proteasome Inhibition down-regulates endothelial nitric-oxide synthase phosphorylation and function. J. Biol.
Chem. 281, 21652-21659. https://doi.org/10.1074/jbc.M602105200 (2006).

26. Yadav, R. et al. Identification and in-vitro analysis of potential proteasome inhibitors targeting PSMbeta5 for multiple myeloma.
Biomed. Pharmacotherapy = Biomedecine Pharmacotherapie. 157, 113963. https://doi.org/10.1016/j.biopha.2022.113963 (2023).

27. Larsson, P. et al. Pan-cancer analysis of genomic and transcriptomic data reveals the prognostic relevance of human proteasome
genes in different cancer types. BMC Cancer. 22, 993. https://doi.org/10.1186/s12885-022-10079-4 (2022).

Scientific Reports |

(2025) 15:8534 | https://doi.org/10.1038/s41598-025-92390-1 nature portfolio


https://doi.org/10.1038/s41580-018-0040-z
https://doi.org/10.1146/annurev-biochem-062917-011931
https://doi.org/10.1146/annurev-biochem-062917-011931
https://doi.org/10.1124/pr.117.015370
https://doi.org/10.1124/pr.117.015370
https://doi.org/10.1146/annurev-pharmtox-010919-023603
https://doi.org/10.1146/annurev-pharmtox-010919-023603
https://doi.org/10.1074/jbc.RA119.011174
https://doi.org/10.1038/s41467-023-36370-x
https://doi.org/10.1016/j.tig.2021.05.002
https://doi.org/10.1016/j.tig.2021.05.002
https://doi.org/10.3390/cancers12082123
https://doi.org/10.1038/s41580-019-0159-6
https://doi.org/10.1038/s43018-021-00271-z
https://doi.org/10.1038/s43018-021-00271-z
https://doi.org/10.1038/s41467-018-04019-9
https://doi.org/10.1080/15592294.2023.2185742
https://doi.org/10.1080/15592294.2023.2185742
https://doi.org/10.1038/s41388-019-0675-z
https://doi.org/10.1126/science.aax3769
https://doi.org/10.1126/science.aax3769
https://doi.org/10.1186/s12943-023-01827-6
https://doi.org/10.1038/s41392-023-01608-z
https://doi.org/10.1016/j.cell.2022.04.013
https://doi.org/10.1016/j.celrep.2023.112764
https://doi.org/10.3390/cancers11101422
https://doi.org/10.3390/cancers11101422
https://doi.org/10.1182/blood-2018-05-851170
https://doi.org/10.3390/cancers13061235
https://doi.org/10.1126/scisignal.2001465
https://doi.org/10.1158/0008-5472.CAN-20-0233
https://doi.org/10.1016/j.jbc.2022.101750
https://doi.org/10.1016/j.jbc.2022.101750
https://doi.org/10.1074/jbc.M602105200
https://doi.org/10.1016/j.biopha.2022.113963
https://doi.org/10.1186/s12885-022-10079-4
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

28. Chen, Q. et al. Histone acetyltransferases CBP/p300 in tumorigenesis and CBP/p300 inhibitors as promising novel anticancer
agents. Theranostics 12, 4935-4948. https://doi.org/10.7150/thno.73223 (2022).

29. Foley, T. M. et al. Dual PI3K/mTOR Inhibition in colorectal cancers with APC and PIK3CA mutations. Mol. cancer Research: MCR
15, 317-327. https://doi.org/10.1158/1541-7786.MCR-16-0256 (2017).

30. Yang, M., Lu, Y., Piao, W. & Jin, H. The Translational Regulation in mTOR Pathway. Biomolecules 12, (2022). https://doi.org/10.33
90/biom12060802

31. Jiang, Q. et al. G9a plays distinct roles in maintaining DNA methylation, retrotransposon silencing, and chromatin looping. Cell.
Rep. 33, 108315. https://doi.org/10.1016/j.celrep.2020.108315 (2020).

32. Du, C. etal. Epigenetic regulation of Fanconi Anemia genes implicates PRMT5 blockage as a strategy for tumor chemosensitization.
Mol. cancer Research: MCR 19, 2046-2056. https://doi.org/10.1158/1541-7786.MCR-21-0093 (2021).

33. Zhang, C. et al. YTHDF2 promotes the liver cancer stem cell phenotype and cancer metastasis by regulating OCT4 expression via
m6A RNA methylation. Oncogene 39, 4507-4518. https://doi.org/10.1038/s41388-020-1303-7 (2020).

34. Sun, K. Ktrim: an extra-fast and accurate adapter- and quality-trimmer for sequencing data. Bioinformatics 36, 3561-3562. https:/
/doi.org/10.1093/bioinformatics/btaal71 (2020).

35. Zhao, Y. et al. Accelerating 3D genomics data analysis with microcket. Commun. Biology. 7, 675. https://doi.org/10.1038/s42003-0
24-06382-4 (2024).

36. Sayers, E. W. et al. Database resources of the National center for biotechnology information. Nucleic Acids Res. 52, D33-D43.
https://doi.org/10.1093/nar/gkad1044 (2024).

Acknowledgements
Wed like to thank SZBL Supercomputing Center for computational support.

Author contributions

W. Z., Y. S. and D. H: Investigation, Data curation, Writing-review & editing, Methodology. Y. A., M. Y., W. W.
and J. Y.: Investigation, Data curation, Methodology, Software. S. Z. and Y. L.: Investigation, Methodology. S. B. :
Writing-review & editing. Q. L., H. T.: Methodology, Validation. Y. T.: Supervision. Jing Gao: Methodology, For-
mal analysis. K. S.: Investigation, Methodology, Writing-review & editing, Supervision. C. D.: Writing-original
draft & editing, Funding acquisition, Conceptualization. W. Z., Y. S. and D. H. contributed equally to this work.

Fundin

The studyg was funded by National Natural Science Foundation of China (Award Number: 32170590), Guang-
dong Province Department of Education (Award Number: 2021ZDZX2062), Shenzhen Science and Technology
Innovation Commission (Award Number: JCYJ20220530113814033), National Key R&D Program of China
(2022YFA0912700), Guangdong Basic and Applied Basic Research Foundation (2023B1515120073), Shenzhen
Bay Scholar Fellowship (to C.D. and K.S.), and Major Program of Shenzhen Bay Scholars Program.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-025-92390-1.

Correspondence and requests for materials should be addressed to K.S. or C.D.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have
permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommo
ns.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2025, corrected publication 2025

Scientific Reports |

(2025) 15:8534 | https://doi.org/10.1038/s41598-025-92390-1 nature portfolio


https://doi.org/10.7150/thno.73223
https://doi.org/10.1158/1541-7786.MCR-16-0256
https://doi.org/10.3390/biom12060802
https://doi.org/10.3390/biom12060802
https://doi.org/10.1016/j.celrep.2020.108315
https://doi.org/10.1158/1541-7786.MCR-21-0093
https://doi.org/10.1038/s41388-020-1303-7
https://doi.org/10.1093/bioinformatics/btaa171
https://doi.org/10.1093/bioinformatics/btaa171
https://doi.org/10.1038/s42003-024-06382-4
https://doi.org/10.1038/s42003-024-06382-4
https://doi.org/10.1093/nar/gkad1044
https://doi.org/10.1038/s41598-025-92390-1
https://doi.org/10.1038/s41598-025-92390-1
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Proteasome inhibition induces DNA methylation alteration by attenuating the synthesis of DNA methyltransferase 1 and 3B in colorectal cancer
	﻿Results
	﻿Proteasome inhibition alters DNA methylation profile in CRC
	﻿Proteasome Inhibition attenuates translation of DNMT1 and DNMT3B by inactivating mTOR in colorectal cancer cells
	﻿Proteasome inhibition inactivates AKT-mTOR signal pathway by accumulation of p300
	﻿Downregulation of DNMT1 and DNMT3B protects cancer cells against proteasome inhibition in CRC

	﻿Discussion
	﻿Conclusion
	﻿Materials and methods
	﻿Cell culture
	﻿DNA extraction, bisulfite conversion and DNA methylation microarray
	﻿Cell viability and proliferation assays
	﻿Plasmids, chemicals and antibodies
	﻿Pharmacological treatment of PIs
	﻿Reverse transcription and quantitative PCR (RT-qPCR)
	﻿Western blot assay
	﻿Polysome profiling assay
	﻿RNA-sequencing (RNA-seq) experiments and data analysis
	﻿Statistical analysis

	﻿References


