Int. J. Biol. Sci. 2022, Vol. 18 3282

¢ uﬂf?gB [VYSPRING . s ; )
WS INTERNATIONAL PUBLISHER [nternatlona[joufna[Of@lo[oglCCI[SClenceS

2022; 18(8): 3282-3297. doi: 10.7150/ijbs.72014

Research Paper

HERCS3 directly targets RPL23A for ubiquitination
degradation and further regulates Colorectal Cancer
proliferation and the cell cycle

Zhiyuan Zhang'#, Qi Wu'#, Meimiao Fang?#, Yu Liu'*, Ji Jiang?, Qingyang Fenglg, Ronggui Hu?™, Jianmin Xu!™

1.  Department of General Surgery, Zhongshan Hospital, Fudan University, 200030 Shanghai, China.

2. State Key Laboratory of Molecular Biology, Shanghai Institute of Biochemistry and Cell Biology, Center for Excellence in Molecular Cell Science, Chinese
Academy of Sciences, 200030 Shanghai, China.

3. College of Life Sciences, Shanghai Normal University, Shanghai 200234, China.

#Co-first authors

P4 Corresponding authors: Jianmin Xu, xujmin@aliyun.com or Qingyang Feng, fqy198921@163.com. Department of General Surgery, Zhongshan Hospital,
Fudan University, 180 Fenglin Road, Xuhui District, Shanghai, 200030, China. Ronggui Hu, coryhu@sibcb.ac.cn. State Key Laboratory of Molecular Biology,
Shanghai Institute of Biochemistry and Cell Biology, Center for Excellence in Molecular Cell Science, Chinese Academy of Sciences, 320 Yueyang Road, Xuhui
District, Shanghai 200030, China.

© The author(s). This is an open access article distributed under the terms of the Creative Commons Attribution License (https:/ /creativecommons.org/licenses/by/4.0/).
See http:/ /ivyspring.com/terms for full terms and conditions.

Received: 2022.02.14; Accepted: 2022.04.15; Published: 2022.05.01

Abstract

Aims: Colorectal cancer (CRC) has high mortality and morbidity rates; however, the mechanism of CRC
cells uncontrolled proliferation is unclarified, E3 ligases are widely reported to have crucial functions in
cancers. HERC3 was once recognized as an important role in CRC, however its effects on CRC cell
proliferation and cell cycle are blank.

Methods: Correlation between HERC3 and clinical characteristics was analyzed. Coimmuno-
precipitation, mass spectrometry analysis and GST-pull down were performed to identify
interacting-proteins of HERC3. Expression pattern of RPL23A and its correlation between HERC3 was
researched via qRT-PCR, western blot and immunohistochemistry. In vivo and vitro gain-and
loss-of-function assays and rescue experiments concentrating HERC3-RPL23A axis in terms of cell
proliferation and cell cycle were conducted. The ubiquitination regulatory mechanism between HERC3
and RPL23A were identified via vivo ubiquitylation assays, cycloheximide analysis and mass spectrometry
analysis. GSEA aided to research the potential functional mechanism of RPL23A and validated by western
blot and in vivo ubiquitylation assays.

Results: HERC3 expression decreased gradually from colorectal tissues in healthy individuals to
adjacent-tumors normal tissue in CRC patients, and to tumor tissues and HERC3 could inhibit CRC cell
proliferation and arrest cells in the GO-G1 phase. RPL23A which was recognized as one potential target
of HERC3 was identified to be overexpressed in CRC and could serve as a prognostic biomarker in CRC.
RPL23A could also independently regulate the cell cycle and cell proliferation and attenuate the influence
of HERC3 on CRC. In addition, HERC3 directly interacted with RPL23A and served as an E3 ligase to
ubiquitination degrade RPL23A via K48-dependant manner through the HECT domain. Furthermore,
HERC3 could regulate the ubiquitination of p21 and further modulate protein expression of c-Myc and
p21 via regulating RPL23A.

Conclusion: HERC3 controlled CRC proliferation, the cell cycle and regulated the c-Myc/p21 axis via
directly targeting RPL23A for ubiquitination degradation.
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Introduction

Colorectal cancer (CRC) is the most common and incidence are on the rise worldwide. According to
gastrointestinal tumor worldwide, and its mortality the latest data, CRC is estimated to rank as the third

https://www.ijbs.com



Int. J. Biol. Sci. 2022, Vol. 18

3283

most common cause of cancer-associated death in the
male or female populations respectively and the
second in the whole population 1. However, the latent
mechanism of the initiation and progression of CRC
remains unclarified. Due to the high mortality and
morbidity rate of CRC, it is imperative to reveal the
developmental mechanism underlying CRC.

The ubiquitin-proteasome system (UPS) has
been broadly reported as an important regulator
among various cancers. The UPS can be characterized
as a cascade that transfers ubiquitin to targeted
proteins 2. The UPS primarily consists of three kinds
of enzymes to work collectively in a sequential
reaction to transmit ubiquitin (Ub) to the downstream
substrate. These 3 kinds of enzymes are summarized
into Ub-activating enzymes, Ub-conjugating enzymes,
and E3s (Ub-protein ligases) 3. Notably, E3 ligases are
widely recognized as the important components of
the UPS that recruit ubiquitin-loaded E2s and
recognize downstream substrates; moreover, the
specificity of the degraded substrate is usually
dependent on the E3 ligase 4. Due to the structure and
functional mechanism, E3 ligases are commonly
categorized into 2 principal families, including the
homologous to the E6-AP c terminus (HECT) and
really interesting new gene (RING) finger families +*.
Growing evidence indicates that aberrantly expressed
E3 ubiquitin ligases may exert significant functions in
the development of cancer and can also influence the
response to treatment, indicating that E3 ligases could
be druggable and may help to explain the latent
mechanism of the progression of cancer.

In our previous work, we used 2 steps
differential analysis to identify the key E3 in CRC 7.
However, it cannot reflect the initiation and
progression process of CRC which disturbs normal
individual to cancer patients. To avoid the drawbacks,
we modified the differential analysis as 3 steps
differential analysis. We screened out the genes that
showed the same aberrant expression trend from
colorectal tissues in healthy individuals to
adjacent-tumor normal tissue in CRC patients, and to
tumor tissues. Taken with the clinical information
together, interestingly, HERC3 was enriched once
again indicating its crucial role in colorectal cancer.

HERCS3 belongs to the HERC E3 family, which
has HECT and RCCl-like domains and owns six
family members. These six members are usually
divided into two subgroups according to the size of
the proteins. Many researchers previously reported
that HERC E3s have significant functions in various
cancers. HERC1 used to be reported to influence the
metastasis of breast cancer 8. HERC2 was indicated to
own a critical function in the regulation of the
p53/MDM2 axis 9. HERC4 could induce breast cancer

progression by downregulating the tumor suppressor
LATS1%. Bioinformatic analysis indicated that HERC5
could serve as a prognostic biomarker in breast cancer
11

In this study, we identified that HERC3 was
gradually reduced from colorectal tissues in healthy
individuals to adjacent-tumors normal tissue in CRC
patients, and to tumor tissues. We previously
identified HERC3 to inhibit the metastasis via
ubiquitination degradation EIF5A2 in CRC 7.
Nevertheless, the most important characteristics of
tumorigenesis in normal individuals is still the
uncontrolled cell proliferation, and the functions of
HERCS3 in CRC cell proliferation is still blank. Here,
we discovered for the first time that HERC3 was
associated with the tumor size, suppressed CRC cell
growth and blocked the cell cycle at the GO-G1 phase.
Besides, we previously discovered that EIF5A2 had
almost non effect in regulating CRC cell proliferation
and cell cycle indicating that HERC3 could control cell
proliferation and cell cycle via other targets 7. In this
work, RPL23A was the first time to identified as the
direct target of HERC3 to be responsible for the effects
of HERC3 on cell cycle and cell proliferation.
Moreover, RPL23A was also the first time to be
identified as an oncogene that was overexpressed and
could function as a prognostic index for CRC. In
addition, RPL23A could independently regulate the
cell cycle and cell proliferation of CRC, and further
impair the effect of HERC3 on CRC cells, indicating
that HERC3 exerted its functions via RPL23A.
Mechanistically, HERC3 could directly bind and
degrade RPL23A via the ubiquitination proteasome-
dependent pathway. We additionally proved that
HERCS3 could modulate the ubiquitination of p21, and
regulate the expression of c-Myc and p21, besides,
RPL23A rescued the effects of HERC3 on
ubiquitination of p21 and also the effects on protein
expression of p21 and c-Myc. In summary, to our
knowledge, this is the first report demonstrating that
HERC3 controls CRC proliferation and the cell cycle
via directly targeting RPL23A for ubiquitination
degradation. Our discovery may provide novel
research directions into the study and treatment of
CRC.

Materials and Methods

Obtain and process of the raw data

The raw data were acquired from the XENA
website (http://xena.ucsc.edu/). The raw microarray
data mainly included two types: the expression
matrix of normal colorectal epithelial tissues was
obtained from the Genotype-Tissue Expression
(GTEx) database and the expression matrix of CRC
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samples and corresponding normal samples were
achieved from The Cancer Genome Atlas (TCGA)
database. The two data sets were combined and
normalized according to the respective descriptions of
the two databases from the XENA website.
Differential analysis was performed with Wilcoxon
test. Without any special criterion for fold change plus
False discovery rate (FDR) < 0.05 were set as the
selection threshold. The gene list of E3 ligases was
obtained from the research conducted by Ge et al. 12
OS and DFS analysis were conducted by GEPIA2

(http:/ / gepia2.cancer-pku.cn/ #index). The
differentially expressed E3s were identified through
3-times differential expression analysis: First,

differentially expressed E3 ligases were identified
between healthy colorectal tissues in GTEx and
tumor-adjacent normal tissues in the TCGA; second,
differentially expressed E3 ligases were identified by
comparing tumor-adjacent tissues and tumor tissues
in CRC patients from TCGA; third, healthy colorectal
tissues in GTEx were combined with tumor-adjacent
tissues in TCGA and further compared with CRC
tissues in the TCGA to identify the differentially
expressed E3 ligases. The genes that shared the same
differential expression trend (upregulated or
downregulated) were identified by intersecting the
3-times differentially analysis results.

Patient specimens

All patients signed informed consent. 50 CRC
samples and relevant matched tumor-adjacent
samples that were used to detect the mRNA and
protein expression of corresponding genes or proteins
were acquired from patients who received CRC
radical surgeries in 2019. These samples were utilized
to detect the expression feature of relevant genes or
proteins in tumors and paired CRC patients” adjacent
normal tissues through qRT-PCR, IHC and western
blotting. A total of 200 CRC tumor samples from CRC
patients who received radical surgeries from
2008-2012 were also included in this study to evaluate
the association between the corresponding proteins
expression and clinical characteristics by IHC.
Samples enrolled were all obtained from Zhongshan
Hospital Fudan University, and no patients received
treatment before the radical surgeries. The study was
ethically approved by the corresponding ethics
committee.

Cell culture and reagents

Cells including DLD-1, HCT116, SW480, SW620,
and HEK293T were acquired ATCC, besides,
NCM460 was acquired from INCELL. All these cells
were cultured under DMEM (Corning) plus with 10%
FBS and penicillin/streptomycin. All cells were

cultured in an incubator at 37°C under 5% CO,.

Construction and transfection of plasmids

The plasmids including pcDNA3.0-RPL23A-Flag
and relevant point mutants, pcDNA3.0-p21-Flag,
pcDNAB3.0-RPL23A-Myc, pcDNA3.0-RPL23A-6His,
pET22b-RPL23A-6His, and pET28A-His-RPL23A
were built in our laboratory. Construction of some
other plasmids and transfection of the plasmids are
available in our previous published work 7.

Construction of stable cell lines

Overexpression lentivirus targeting HERC3 and
RPL23A were built in GeneChem, Shanghai based on
the relevant NCBI reference (reference of HERCS3:
NM_014606, reference of RPL23A: NM_000984),
shHERC3 shRPL23A lentivirus and relevant control
lentivirus were also constructed in GeneChem,
Shanghai, and cells were infected following the
instructions. The shRNA sequences of HERC3 and
control could be found in our previous work 7. The
shRNA sequences of RPL23A were set as: shRPL23A:
5-GAAGCTGTATGACATTGAT-3".

Antibodies

anti-His (66005-1-Ig), Anti-c-Myc (10828-1-AP),
anti-Flag (20543-1-AP), anti-p21 (10355-1-AP), anti-
GAPDH (60004-1-Ig), and anti-GST (HRP-66001) were
acquired from Proteintech, anti-Ki67 (ab92742) was
obtained from abcam. Anti-HERC3 (HPA039170,),
anti-HA (SAB4300603), anti-RPL23A (HPA063979,
dilution 1:500), and anti-Myc (SAB4301136) were
acquired from Sigma. The antibodies were utilized
following the manual.

qRT-PCR

Total RNA Kit (Tiangen, China) was utilized to
obtain total RNA from patient samples and CRC cells
treated with TRIzol (Invitrogen) in advance. ReverTra
Ace gPCR RT Master Mix (Toyobo, Japan) was
utilized to reverse transcription of total RNA into
complementary DNA (cDNA). Real-time PCR
instrument (Thermo Fisher, ABI7500) was used to
conduct the qRT-PCR, and the expression of the target
transcript was normalized to that of GAPDH through
the 22ACT method. The primers were as follows:
HERC3 forward: 5-CTCTGGCAGATCAGCATATC
ATT-3’, HERCS3 reverse: 5-CAGCTTTTGTATTAACC
TGGGCA-3’, GAPDH forward: 5-GGAGCGAGAT
CCCTCCAAAAT-3, and GAPDH reverse: 5-GGCT
GTTGTCATACTTCTCATGG-3'.

Immunoprecipitation (IP), western blot,
coimmunoprecipitation (co-IP), IHC and
immunofluorescence

More details were shown in our previous
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published paper ”.

Exploration of HERC3-interacting proteins by
mass spectrometry and prediction of the
potential interaction sites

HERC3-Flag plasmids were utilized to transfect
into HCT116 cells, cells were then harvested after 48
hours. Anti- Flag affinity gels were used to enrich the
cells, and 8 M urea buffer was used to further eluted
samples. The samples were then subjected to mass
spectrometry analysis.

For prediction of the detailed interaction sites
between HERC3 and RPL23A, methods could be
found in our previous work 7.

Purification of the corresponding recombinant
proteins

BL21 Escherichia coli cells were used to express
the relevant proteins with the indicated tags (GST or
His-tags). Then, isopropyl p-D-thiogalactoside (IPTG,
Sigma-Aldrich) was utilized to induce, pellet, lysed
cells and samples were further incubated together
with Ni?* nitrilotriacetic acid (NTA) beads. The
products were washed with 20 mM glutathione (GSH,
Sigma). More details were available in our previous
published work 7.

GST pulldown

Glutathione sepharose 4B compounded with
purified relevant GST-tagged proteins (20 pg) or
His-tagged proteins (20 pg) then were incubated with
500 pl pulldown buffer (100 mM NaCl, 20 mM Tris-Cl,
5 mM MgCly, 1 mM DTT, 0.5% NP-40, 1 mM EDTA,
and 10 pg/ml BSA pH 7.5). The beads were washed
by pulldown buffer for five times. Afterwards, the
beads were denatured and then processed for
Western blotting.

Cycloheximide analysis and in vivo
ubiquitylation assay

Corresponding plasmids were used to transfect
cells. MG-132 was used to treat the cells before
harvesting. Cells were lysed, and IP was performed
with Flag affinity gels as previously described. After
incubation, the Flag affinity gels were then washed for
5 times by RIPA buffer and denatured with indicated
materials. Western blotting was then carried out.
Cycloheximide analysis: CHX (100 pg/ml) was used
to treat the cells and samples were obtained at the
indicated set times for western blotting.

Ubiquitination modification sites identified by
mass spectrometry analysis
Vitro ubiquitination assay was performed as

follows: pACYC-UBA1-UBCH7-UB-HA-HERC3 and
pACYC-UBA1-UBCH7-UB-HA-control plasmids

were co-transfected with pET28A-His-RPL23A in
BL21 E. coli cells and further cultured with culture
medium supplemented with ampicillin and
chloramphenicol antibiotics. Following experiments
were available in our previous published work 7.

Colony formation assay

Respectively, 500 corresponding CRC cells were
added each well from a 6-well dish. After 10 days
culture, samples were cleaned by PBS, and then fixed
under 4% paraformaldehyde (Merck, Kenilworth,
USA), and finally stained by 0.1% crystal violet
(YEASEN, Shanghai, China). Photographs were taken,
and the number of colonies in each cell was then
counted.

CCK-8 assay

CCK-8 (Cell Counting Kit-8 assays) (YEASEN,
Shanghai, China) was utilized under the manual. 2000
CRC cells were individually planted into each well of
a 96-well plate. The culture condition was as
previously described. Serum-free medium
supplemented with 10 pL CCK-8 solution was
injected to the cells every 24 hours. After 2 hours of
incubation, the cells were quantified by
spectrophotometry according to the absorbance at 450
nm by a microplate reader (Bio-Rad, Shanghai,
China).

EdU assay

2 x 10*CRC cells were planted into each cell of a
24-well plate. The EAU Apollo®488 In Vitro Imaging
Kit (RiboBio, Guangzhou, China) was used to conduct
the EdU assays under the manual. Nuclei were
stained by DAPI. Photos were taken with a Nikon
microscope (Nikon, Japan).

Analysis of the cell cycle

Cells were cleaned by PBS and then harvested.
Then, cells were stained with propidium iodide
(KeyGen Biotech, Nanjing, China). Results were
detected by flow cytometry.

In vivo tumor growth assay

BALB/c nu/nu mice (male, aged 6 weeks) were
acquired from Shanghai SLAC Laboratory Animal Co.
Ltd. In total, 2 x 10°¢ corresponding CRC cells were
injected  subcutaneously. The Animal Ethics
Committee of Zhongshan Hospital Fudan University
approved the animal studies. The mice were sacrificed
after 3 weeks. The formula: (width? x length)/2 was
used to calculate the tumor size.

Gene Set Enrichment Analysis (GSEA)

GSEA concentrating on RPL23A was based on
data from TCGA (COAD and READ). It contained 2
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parts: (1) The median expression of RPL23A was set as
the cutoff and patients were classified as 2 groups,
differential analysis was conducted via “limma” and
results were subjected to GSEA; (2) GSEA was
performed according to the results obtained from
Person correlation analysis concentrating on RPL23A.
R language (Version 3.6.2) was used to perform the
GSEA. “h: the hallmark gene sets,” that was obtained
from MSigDB (https://www.gsea-msigdb.org/gsea/
index.jsp), and was set as the gene reference.

Statistics

Differential gene expression analysis was
conducted as mentioned previously. Chi-squared
tests were conducted to research the associations
between the clinical features and the expression of
corresponding proteins. Pearson correlation analysis
was performed to explore the expression correlations
among diverse proteins. Survival analysis was
assessed and visualized via the Kaplan-Meier method
and log-rank test, and the results were visualized by
means of the R language (Version 3.61). Relevant data
was analyzed by Student’s t-tests, and the results
were shown by GraphPad Prism. * signified P<0.05, **
signified P<0.01, and *** signified P<0.001.

Results

HERCS3 was identified to be associated with
tumor size and could inhibit CRC cell growth
and arrest the cell cycle at the G0-G1 phase

We conducted a 3-times differential analysis as
described in section “Materials and methods”. Finally,
11 upregulated and 13 downregulated E3 ligases were
screened out (Supplementary Figure S1A). The
expression heatmap of these 24 differentially
expressed E3 ligases was presented in the form of a
heatmap (Supplementary Figure S1B). According to
the survival analysis of these 24 E3 ligases, HERC3
was identified to exert important functions during
CRC progression as it exhibited the same trend in the
results of differential analysis and survival analysis
(HERC3 was gradually decreased in CRC, and
HERC3 upregulation indicated better prognostic
outcomes). The expression pattern is shown in Figure
1A. Interestingly, HERC3 was enriched again and
further confirmed our previous published work 7.
However, the most featured -characteristic for
tumorigenesis is uncontrolled cell proliferation. The
functions of HERC3 on CRC cell growth are still not
clarified. Interestingly, in the present study, HERC3
was firstly found to be associated with tumor size and
Ki67 staining, an index for evaluating proliferative
capacity of cancer cells (Table 1). We additionally
found that patients with higher HERC3 expression

showed lower Ki67 expression and patients with
lower HERC3 expression showed higher Ki67
expression (Figure 1B) based on samples from
Zhongshan Hospital, Fudan University (another
cohort with tumor size information which is totally
different from our previous published work) 7. Based
on patient samples, it was further confirmed that the
protein expression levels of HERC3 in CRC tissue was
lower than in tumor-adjacent samples (Supple-
mentary Figure S2A). Compared to that in the
NCM460 cells, the expression of HERC3 protein was
also lower in the CRC cells (HCT116, SW480, DLD-1
and SW620) cells (Supplementary Figure S2B). The
prognostic value of HERC3 was shown in
Supplementary Figure S2C according to data in
GEPIA2. Two stable cell lines were constructed for
further vivo and vitro experiments. For SW620 cells,
we knocked down HERC3. For HCT116 cells, we
overexpressed HERC3 (Supplementary Figure S2D).
We used CCK-8, colony formation and EdU assays to
research the effects of HERC3 on CRC cell growth.
The data proved that HERC3 upregulation could
suppress CRC cells proliferation and while HERC3
downregulation could enhance the CRC cells
proliferative ability (Figure 1C, D, E). Furthermore,
HERC3 upregulation arrested the CRC cell cycle in
the GO-G1 phase (Figure 1F). The effects of HERC3
were further validated in vivo: upregulated HERC3
could result in a lighter and smaller tumor, HERC3
downregulation resulted in heavier and larger tumors
(Figure 1G, the entire view of the vivo experimental
mice were shown in Supplementary Figure S2E).
The expression of HERC3 in tumors formed by
corresponding stable cell lines (HCT116 and SW620)
was validated via IHC (Figure 1H).

Table 1. Expression of HERC3 was correlated with tumor size
and ki67 staining in 200 CRC patients. Patients were classified into
2 groups and the median protein expression of HERC3 was set as
the cutoff.

Characteristics Number HERCS3 expression P-value
High Low

Age 0.67

260 118 61 57

<60 82 39 43

Gender 1

Female 81 41 40

Male 119 59 60

Tumor size

24 117 43 74 <0.001

<4 83 57 26

Ki67 0.02

>50% 158 72 86

<50% 42 28 14

https://www.ijbs.com



Int. J. Biol. Sci. 2022, Vol. 18

3287

A B High HERC3 group Low HERC3 group C e
-
HERC3 Ki67 HERC3 Ki67 £
! £ ORI 0T e S g [
6 g LI
= T
group _m D’ 05
o
4 =i o 2 3 4 5 (Days)
E3 normal HCTI116
$ E3 tumor ]
2 . s
S 209 siNC
E E |-= shHERC3
] Eus I'
. . . L= H
GTEx normal tumor S % N
=] C
D T 3 % & Days
SW620
DAPI EdU  Merged
g, F
; NC HERC3
e = E GO-G1: 5095% 1 [ GO-G1: 59.57%
é‘“ e || sma §:17.31% 6] b =
30 =8 G2-M: 20.78% G2-M:2312% 5% |
H ITh e =
H H. Ll
i | 3= |'|
: Ca— I Hn (10
HCT116 C oo e m o m o om m e P
shNC shHERC3
LAt e 1| GhGL:4Ta% | GI-GL: 3683%
S — 7 || samsn 5t 28.47% ey -
= o S | G o | camzamn § | = e
= = | H .
: : g ; H I HH
I} " I=
. : g\ ol
20 y 0w e e me e e s e oY - i
Eﬁl H o e o
=
@ i
SW620
HERC3 HERC3

¢ @ ¢

HERC3

Averaga tumor woight(g)
Tumor sizeimms)
883

NC

shHERC3

HCT116 We HERCY

Average tumor weightig)
Tumor size{mm3)
g

[y

= SHHERC3

shNC  shHERC3

SW620

)
High-magni

: AN
High-magni

HCT116 SW620

Figure 1. HERC3 was identified to be associated with tumor size and could inhibit CRC cell growth and blocked the cell cycle at the G0-G1 phase. (A)
Boxplot depicting the gradual decreasing trend from colorectal tissues in healthy individuals to adjacent-tumors normal tissue in CRC patients, and to tumor tissues. (B) Patients
with higher HERC3 expression showed lower Kié7 expression. Representative images of HERC3 and Ki6é7 staining indicating protein expression in the indicated groups
(Continuous slices in individual groups and were further subjected to IHC with the indicated antibodies). The median protein expression of HERC3 was set as the cutoff to classify
the CRC patients into 2 groups. CCK-8 (C), EdU (D), and colony formation (E) assays proved that HERC3 upregulation inhibited HCT116 cell proliferation, while HERC3
downregulation promoted SW620 cell proliferation, scale bars for views of EdU assays were 50um. (F) Upregulated HERC3 arrested the cell cycle in the GO-G1 phase in HCT116
cells and induced the opposite effect in SW620 cells. (G) HERC3 upregulation resulted in lighter and smaller tumors and HERC3 downregulation resulted in heavier and bigger
tumors in vivo. (H) The expression of HERC3 in tumors formed by HCT116 and SW620 was validated via IHC.

Identification of RPL23A as a potential
HERC3-interaction protein and exploration of

the expression pattern and prognostic value of
RPL23A

We previously identified EIF5A2 as a substrate
of HERC3, however, EIF5A2 had almost none
functions on CRC cell growth and cell cycle indicating
that HERC3 regulated cell growth and cell cycle
mainly dependent on other substrate 7. Mass
spectrometry analysis and co-IP were performed
through HCT116 cells that were transfected with
HERC3-Flag plasmids and cells in control groups
were transfected with Flag plasmids. According to the

experimental results, the representative peptides
identified for RPL23A covered 31.43% of all the
peptides of RPL23A. The peptides coverage ratio of
RPL23A ranked top among all the proteins identified
by mass spectrometry analysis. Moreover, mass
spectrometry analysis indicated that RPL23A owned a
high credibility to interact with HERC3. Besides,
results of GSEA indicated that RPL23A might involve
in Myc, E2F and G2M checkpoints pathways that
were widely reported to have significant functions in
tumorigenesis, cell cycle and cell proliferation that
might favor to illustrate the functions of HERC3 on
CRC cell proliferation and cell cycle (Figure 2A).
Three representative peptides of RPL23A that were
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identified through mass spectrometry analysis were  spectrometry (LC-MS/MS) spectrum (Supple-
presented in the liquid chromatography-tandem mass ~ mentary Figure 3).
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Figure 2. Identification of RPL23A as a potential HERC3-interaction protein and exploration of the expression pattern and prognostic value of RPL23A.
(A) GSEA results of RPL23A based on data from TCGA (COAD and READ). Left panel: The median protein expression of RPL23A was set as the cutoff, and patients were
classified into 2 groups, differential analysis was conducted via “limma” and results were subjected to GSEA. Right panel: GSEA was performed according to the results obtained
from Person correlation analysis of RPL23A. (B) Results of qRT-PCR showed that RPL23A mRNA was upregulated in CRC. (C) The protein expression of RPL23A was
up-regulated in 6 paired CRCs and CRC-adjacent normal tissues. (D) IHC results based on 50 paired cancer samples and adjacent normal samples indicated that RPL23A was
upregulated in CRC, scale bars for low-magnification were 100um, for high-magnification were 50um. (E) RPL23A was upregulated in CRC cell lines compared to normal
colorectal cells according to the qRT-PCR and western blotting.
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In the analysis of 50 tumor-adjacent tissues and
paired tumor samples, the RPL23A mRNA expression
was upregulated in tumor samples (Figure 2B).
Protein expression of RPL23A was also validated to be
upregulated in CRC samples through western
blotting by randomly selecting 6 paired tumor and
normal samples (Figure 2C) and also further verified
according to the results of IHC based on 50 CRC
tumor-adjacent normal samples and corresponding
matched tumor samples (Figure 2D). Moreover,
compared to that in the NCM460 cells, the expression
of RPL23A mRNA and protein was upregulated in the
CRC cells (HCT116, SW480, DLD-1, and SW620)
(Figure 2E). Based on IHC data and the corresponding
clinical information in our center, high RPL23A
expression indicated poor OS and DFS outcomes
(Supplementary Figure S4).

Validation of RPL23A as a HERC3-interaction
protein and identification that the expression

of RPL23A is negatively correlated with
HERC3

Further validation experiments were performed.
Exogenous RPL23A and HERC3 could interact with
each other (Figure 3A). Moreover, endogenous
HERC3 was indicated to interact with RPL23A and
vice versa (Figure 3B). The interaction between
HERC3 and RPL23A is predicted to depend on
hydrogen bonds formed by several specified amino
acids (Figure 3C). Furthermore, a GST pulldown
assay proved that RPL23A could directly bind HERC3
in vitro (Figure 3D). HERC3 was further revealed to
co-localize with RPL23A in HCT116 cells detected by
immunofluorescence assays (Figure 3E). Besides, 50
CRC tumor tissues were used to research the
correlation between RPL23A and HERC3 through
IHC, and the results indicated that there was a
negative correlation between HERC3 and RPL23A
(Table 2, Figure 3F). Setting the median expression of
HERC3 as the cutoff values, CRC patients were
classified into 2 groups, and the patients who owned
relatively higher HERC3 protein expression presented
relatively low protein levels of RPL23A and vice versa
(Figure 3G). Moreover, the tumors that formed in
vivo  experiments validated the expression
relationship between HERC3 and RPL23A: tumors
formed from the HERC3 upregulation group showed
relatively low protein levels of RPL23A compared to
that of tumors from control group and vice versa
(Figure 3H). Besides, taken the median expression of
RPL23A and HERC3 together, the 200 patients were
classified as 2 groups (patients with high expressed
RPL23A+low expressed HERC3 and patients with
low expressed RPL23A+high expressed HERCS3).
Survival analysis was conducted based on these 2

groups of patients, the results indicated that patients
with high protein expression level of HERC3 and low
protein expression level of RPL23A indicated better
OS and DFS clinical outcomes than the patients in the
compared group (Supplementary Figure S5).

Table 2. Results of the chi-squared test proved that HERC3
correlated with RPL23A.

Total HERC3 expression P-value
High  Low
RPL23A expression 0.02
High 25 8 17
Low 25 17 8

RPL23A could independently regulated the
CRC cell proliferation and cell cycle

To determine whether HERC3 exerts its
functions through RPL23A, functions of RPL23A on
CRC was firstly researched. The efficiency of the
corresponding lentivirus was verified (Figure 4A).
Through CCKS, EdU, colony formation and cell cycle
analysis assays, we discovered that RPL23A
downregulation could inhibit CRC cells proliferation
and arrest CRC cells in the GO0-G1 phase
independently and vice versa (Figure 4B-E).

HERC3 exerted biological functions through
RPL23A in CRC cells

The rescue experiments were further carried out.
After co-infection, several cell proliferation-related
assays including EdU assays, CCK-8, and colony
formation were performed, and the results indicated
that upregulated RPL23A could attenuate the effects
on CRC cell proliferation induced by HERC3
overexpression and vice versa (Figure 5A, B, C). In
addition, RPL23A attenuated the effects of HERC3 on
the cell cycle of CRC (Figure 5D). These results
indicated that HERC3 exerted biological functions via
RPL23A in CRC cell lines.

HERC3 promoted the proteolytic
ubiquitination of RPL23A via the HECT
domain at several sites in a K48-dependent
linkage

Given that HERC3 acted as an E3 ligase and
HERC3 could interact with RPL23A, we wondered
whether RPL23A was ubiquitinated by HERCS3.
Results of in vivo ubiquitylation assay showed that
HERC3 overexpression resulted in significant
RPL23A polyubiquitination in HCT116 cells (Figure
6A). Seven HA-Ub mutants were co-transfected into
HEK293T with the indicated plasmids. The results of
vivo ubiquitylation assays demonstrated that poly-Ub
might be conjugated to RPL23A via K48 linkage,
which might target substrates for proteasome-
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dependent degradation (Figure 6B). Moreover, in
HCT116, we revealed that transfection of HERC3-Flag
plasmid could induce the degradation of RPL23A via
a dose-dependent manner (Supplementary Figure
S6A). The protein levels of RPL23A increased
following treatment with MG-132, indicating that
RPL23A is regulated via a ubiquitin-proteasome
pathway. In addition, we discovered that MG-132

could restore the degradation of RPL23A, which was
mediated by HERC3 in HCT116 cells (Supplementary
Figure S6B). Furthermore, CHX chase assays proved
that HERC3 overexpression could decrease the
half-life of RPL23A in HCT116 cells (Supplementary
Figure S6C). These results suggested that HERC3
might promote the ubiquitination and degradation of
RPL23A through a proteasome-dependent pathway.
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Figure 3. Verification of RPL23A as a HERC3-interaction protein and identification that the expression of RPL23A is negatively correlated with HERC3.
(A) Exogenously expressed HERC3 and RPL23A could form mutual combination. The indicated plasmids were transfected into HCT116, and samples were then processed to
co-IP detection. (B) Endogenous HERC3 can interact with RPL23A, and HCT 116 lysates were subjected to IP with anti-HERC3 or anti-RPL23A and control IgG. (C) Detailed
amino acid hydrogen combination places between HERC3 and RPL23A were forecasted. Related protein structures were determined by SWISS-MODEL and interaction was
performed via ClusPro. (D) RPL23A could interact with HERC3 in vitro. Recombinant HERC3-GST, GST-only, and RPL23A-His were purified from BL21 Escherichia coli cells,
GST pulldown and western blotting were performed. (E) Exogenous HERC3 and RPL23A could colocalize in HCT116 cells that was detected by immunofluorescence staining,
scale bars were 50um. (F) RPL23A was negatively correlated with HERC3 in 50 CRC tissues according to IHC. (G) Representative images of HERC3 and RPL23A staining
indicating protein expression in the indicated groups (continuous slices in individual groups and were further subjected to IHC with the indicated antibodies). The median protein
expression of HERC3 was set as the cutoff, and the patients were divided into 2 groups. (H) In vivo assays revealed that tumors in the HERC3-up-regulated group showed
relatively low protein levels of RPL23A, while those in the HERC3-down-regulated group showed relatively high protein levels of RPL23A. Scale bars for low-magnification were
100um, for high-magnification were 50um.
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Figure 4. RPL23A could independently regulated the CRC cell growth and cell cycle. (A) The efficiency of the indicated lentivirus was validated through western
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mentary Figure S7A-K, and Supplementary Table
S1). Nine Lys residues with top scores were selected
for further validation because these residues owned
higher credible scores and were more reliable.
Therefore, nine individual RPL23A mutants with
K-to-R changes were constructed and subjected to in
vivo ubiquitination experiments. The results indicated
that HERC3-mediated ubiquitylation took place on
A B
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in Figure 6D, corresponding plasmids with wild-type
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co-transfected into HEK293T. In vivo ubiquitylation
assays were performed, and the results demonstrated
that removal of the HECT structural remarkably
reduced the ubiquitination degree of RPL23A.
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Figure 6. HERC3 promoted the proteolytic ubiquitination of RPL23A. (A) HERC3 enhanced the ubiquitination degree of RPL23A in HCTI116 cells. In vivo
ubiquitylation assays with the indicated plasmids and co-IP were performed. (B) HERC3 combined poly-Ub with RPL23A through the K48 connection. Indicated plasmids were
co-transfected into HEK293T and cells were then subjected to co-IP. (C) K78, K89, and K123 on RPL23A were identified as sites where HERC3 transmitted poly-Ub to.
HEK293T cells were co-transfected with the indicated plasmids and further subjected to co-IP. (D) HECT structural removal significantly reduced RPL23A ubiquitination.
Wild-type HERC3 or several different deletion mutants (shown above) were co-transfected into HEK293T cells with other indicated plasmids.

HERC3 regulated the protein expression of
c-Myc and p21 via RPL23A and could control
ubiquitination of p21 via RPL23A

According to the results of GSEA (Figure 2A),
RPL23A was identified to involve in regulating Myc,
E2F targets, and G2M checkpoints pathways. We
attempted to research the regulatory mechanism of

RPL23A via detecting several markers involved in the
pathways mentioned above. Interestingly, we
discovered that RPL23A could modulate the protein
expression of c-Myc and p21 (Figure 7A), HERC3 was
also verified to modulate the protein expression of
c-Myc and p21, and the effects could be partially
reversed by RPL23A (Figure 7B).
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Moreover, in the present study, we found that
RPL23A could regulate the ubiquitination of p21

influence the ubiquitination of p21 in HCT116 cells,
and RPL23A could partially attenuate the effects

(Figure 7C). Interestingly, HERC3 could also regulated by HERC3 (Figure 7D).
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Figure 7. HERC3 regulated the protein expression of c-Myc and p21 via RPL23A and could control ubiquitination of p21 via RPL23A. (A) RPL23A regulated
the protein expression of c-Myc and p21 in HCT116 and SW620. (B) HERC3 regulated the protein expression of c-Myc and p21, and the effects were partially reversed by
RPL23A in HCT116 and SW620. The indicated lentivirus was co-infected HCT116 and SW620, and cell lysates were subjected to western blot. (C) RPL23A was found to
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ubiquitination assays were performed in HCT116 cells using the plasmids.
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Discussion

Colorectal cancer (CRC) ranks top among
various cancer types in terms of mortality and
morbidity . The treatment and diagnosis of CRC
progress significantly in recent years. However,
specific and valuable biomarker for precise treatment
and diagnosis remains rare; moreover, the potential
mechanism underlying CRC remains unclarified.
Thus, it is urgent and essential to find valuable
biomarkers to elucidate the underlying mechanism to
improve the treatment and diagnosis of CRC.

The UPS exerts fundamental functions,
including regulating cellular homeostasis, cell cycle,
and cellular metabolism, and even governs cell fate
decisions, including cell death, senescence,
differentiation, and proliferation. Briefly, the most
well-known function of the UPS is that it facilitates the
ubiquitination degradation of functional proteins
which were identified as substrates. However,
perturbations of the UPS can also affect homeostasis,
leading to the occurrence of diseases, such as cancer %
14, Ubiquitination is characterized by cascade
reactions collectively induced by ubiquitin-activating
enzymes ubiquitin-conjugating enzymes, and
ubiquitin ligases (E3s). E3 ligases are wildly identified
as the key members in this cascade that recruit
ubiquitin-loaded E2s, recognize specific substrates,
and finally catalyze ubiquitin to transfer to the
indicated substrate lysine residues. Growing evidence
has proven that E3 ligases are important regulators in
the development of cancers and can influence the
cancer therapeutic response. Thus, E3 ligases can
work as promising targets for the exploration of
anticancer drugs and can be valuable biomarkers to
help to diagnose or elucidate the mechanism of
cancers.

In the present study, we performed 3-steps
differential analysis based on online database in order
to identify the E3s which has gradient expression
trend from the colorectal tissues of normal people to
the CRC tumor-adjacent tissues, and then to tumor
tissues. These E3s could play crucial roles during the
entire process of tumorigenesis of CRC and HERC3
was screened out finally. Consistent to our previous
work, HERC3 was found to be downregulated in CRC
and HERC3 downregulation predicted worse clinical
outcomes including OS and DFS. In our previous
work, HERC3 was once identified to influence the
metastasis of CRC 7. However, one of most featured
characteristics for tumorigenesis is the uncontrolled
cell growth, and the functions of HERC3 on CRC cell
proliferation are still blank. Interestingly, we here
discovered that HERC3 protein expression was
associated with tumor size and Ki67 staining, an index

for evaluating proliferative capacity of cancer cells,
indicating that HERC3 might also affect CRC cell
proliferation.

HERCS3 is a member of HERC E3 family, and
there are totally six members in this E3 subgroup. The
E3 ligases in this subgroup can be further divided into
2 groups: two huge HERC E3s and four mini HERC
E3s. Some members are recognized to exert crucial
roles in various cancers. HERC1 was reported to
mediate the metastasis of breast cancer cells 8. HERC2
was reported to control the p53/MDM2 axis . HERC4
could induce breast cancer progression by
downregulating the tumor suppressor LATS1 10
HERCS5 was reported to be a latent prognostic index
in breast «cancer 1. However, researches
demonstrating the effects of HERC3 on cancers are
still rare, and it was demonstrated that HERC3 could
mediate the ubiquitination degradation of SMAD?,
further enhance autophagy-mediated epithelial-
mesenchymal transition (EMT) and facilitate
chemoresistance in glioblastoma . In CRC, HERC3
used to be illustrated to have none mutations in CRC
and also was once reported to inhibit the metastasis of
CRC by targeting EIF5A2 and further controlled the
epithelial-mesenchymal transition 7 6. However, the
effects of HERC3 on CRC cell proliferation are
unclarified.

Here, we revealed that HERC3 suppressed
proliferation of CRC cells in vitro and in vivo, and we
demonstrated that HERC3 blocked the cell cycle in
GO0-G1 phase in CRC. RPL23A was for the first time
identified as the direct substrate of HERC3. Moreover,
RPL23A was also revealed for the first time to be
upregulated in CRC, besides, RPL23A upregulation
predicted worse prognostic results, and RPL23A
could independently regulate the CRC cell
proliferation and cell cycle, furthermore, RPL23A
could also partially attenuate the effects of HERC3
indicating that HERC3 might function through
RPL23A. Mechanistically, RPL23A could be
ubiquitination degraded by HERC3 based on the K48
linkage, and K48 is also commonly identified as the
typical type of poly-Ub chain that result in the
substrate proteasome degradation 17-1°. K78, K89, and
K123 on RPL23A were mainly responsible for
HERC3-mediated ubiquitylation. Our data suggested
that the HECT domain in HERC3 played the crucial
role in regulating RPL23A ubiquitination. The
detailed regulatory mechanism was demonstrated as
HERC3 mediates the proteolytic ubiquitination of
RPL23A via the HECT domain at multiple sites (K78,
K89, and K123) of RPL23A.

RPL23A was indicated to be involved in Myc,
E2F targets and G2M checkpoints pathways according
to the results of GSEA. Notably, through detecting
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several markers of the signaling pathways above, we
found that RPL23A could regulated the protein
expression of c-Myc and p21. Moreover, HERC3 was
revealed to regulate c-Myc/p21 via RPL23A, and
HERCS3 could also regulate the ubiquitination of p21
via RPL23A.

Myc signaling pathway is widely recognized as
one member of the most commonly activated
oncogenic pathways in diverse cancers and Myc is
also one target for therapy 2. C-Myc is a member of
MYC family. In normal conditions, it is controlled by
growth factor-dependent pathways, however, c-Myc
can also function as a oncogene which is upregulated
in diverse kinds of cancers?’22. The dysregulation of
c-Myc can result from many biological processes such
as gene amplification, loss of upstream repressors
which function to maintain the expression of c-Myc2.
In different kinds of cancers including CRC, c-Myc
can function as crucial regulator of malignant
transformation and regulate many processes
including cell proliferation, cell growth, and genomic
instability. Moreover, c-Myc is also identified as a
therapeutic target for tumor treatment?. Hence, the
HERC3/RPL23A regulatory axis may also aid the
therapy targeting c-Myc. Besides, interferon gamma
response and interferon alpha were enriched in the
results of GSEA concentrating RPL23A indicating that
RPL23A might have significant roles in immune-
related pathways, besides, therapies target Myc could
also enhance the immunotherapy in cancers . These
findings also indicated that HERC3/RPL23A axis
exerted critical functions in the field of immunity of
cancers that provided us a novel research direction.
Given the gradually decreasing expression trend in
HERCS3 expression from healthy colorectal samples to
CRC patients’ tumor-adjacent normal samples, and
then to CRC samples, HERC3 might be involved
throughout the initiation and progression of CRC,
uncontrolled cell proliferation is characterized as one
most common feature of cancer initiation and
progression. Furthermore, cell proliferation mainly
depends on the control of cell cycle. As a
cyclin-dependent kinase inhibitor, p21 is widely
recognized as a cell cycle regulator and also revealed
to serve a fighter against dysregulated cells that may
become cancerous 2. p21 is a cyclin-dependent kinase
inhibitor, it can interact with cyclin-cyclin-dependent
kinase2 or cyclin-dependent kinase4 complexes and
further regulate the cell cycle at G1 phase. Moreover,
p21 is tightly controlled by p53, a famous tumor
suppressor, thus p2l can regulate the cell cycle
especially at the Gl phase in a p53-dependent
manner. In the present research, HERC3 was found to
reduce the ubiquitination of p21 via RPL23A,
moreover, HERC3 could enhance the protein

expression of p2l. Thus, HERC3 could serve as a
rigorous tumor suppressor through RPL23A/c-Myc/
p21 axis. These findings might help to invent target
antitumor drugs.

In conclusion, HERC3 controlled CRC
proliferation, the cell cycle and regulated the
c-Myc/p21 axis via directly targeting RPL23A for
ubiquitination degradation. This study may provide a
new perspective on the treatment and diagnosis of
colorectal cancer.
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