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Abstract: A variety of chemotherapeutic drugs targeting ribosome processing have been developed and applied to
cancer treatment mainly based on the impaired ribosome biogenesis checkpoint (IRBC). The IMP U3 small nucleo-
lar ribonucleoprotein 3 (IMP3, BRMS2) has been identified as a participant in pre-rRNA processing for nearly twenty
years. However, the roles of BRMS2 in cancers still unknown. In this research, a tissue microarray (TMA) with 151
paired tissues showed the aberrant overexpression of BRMS2 in CRC tissues which was associated with the worse
prognosis. To clarify the function of BRMS2 in CRC cells, an inducible knockdown system was introduced in vitro
and in vivo and the cell growth was drastically suppressed. Mechanistically, we found depletion of BRMS2 markedly
decreased the protein translation rates which can limit cell growth. Furthermore, to confirm whether the IRBC played
a role, multiple approaches including detection of the p53 pathway, depletion of BRMS2 in p53-mutated SW620
cells, and co-depletion of RPL11 were taken. To our surprise, IRBC was not activated. That indicated BRMS2 may
play a unique role in ribosome biosynthesis and IRBC. Taken together, our results demonstrated the oncogenic func-
tion of BRMS2 in CRC cells and supported its potential as a therapeutic target.

Keywords: IMP U3 small nucleolar ribonucleoprotein 3, colorectal cancer, cell growth, protein translation, im-
paired ribosome biogenesis checkpoint

Introduction some proteins (RPs) and rRNA into the nucleo-
plasm. These components could bind to the
central acidic domain of Hdm2 and blocked its
p53 ubiquitination and degradation function,
resulting in activation of p53 and cell cycle
arrest [3]. This particular process was termed
as the impaired ribosome biogenesis check-
point (IRBC) [4]. The maturation of rRNA is one
of the most important steps. Depletion, muta-
tion or overexpression of rRNA maturation-as-
sociated factors have been shown to induce
IRBC [5].

Ribosomes are found in all living cells which
are essential for protein production and thus
for cell growth and proliferation. Ribosome bio-
genesis is an elaborate and well-coordinated
process which is regulated by numerous path-
ways. Several studies have demonstrated that
the disruption of ribosome biogenesis at vari-
ous steps could result in cell cycle arrest main-
ly through the RPL5/RPL11/5S rRNA/Hdm2/
p53 axis [1]. Under normal conditions, p53 is
continuously expressed but kept at a low level.

Its low level is maintained mainly through an
E3 ubiquitin ligase, Hdm2. It has been report-
ed that Hdm2 can ubiquitylate p53 and stimu-
late the nuclear export of p53 for proteasome-
mediated degradation [2]. Disruption of ribo-
somal biogenesis led to the spontaneous re-
lease of ribosome components including ribo-

BRMS2 is a component of U3 small nucleolar
ribonucleoprotein complex (U3 snoRNP), a sub-
set of box C/D snoRNPs [6]. U3 snoRNP func-
tions in rRNA maturation by directing pre-rRNA
cleavage. Conditional repression of U3 synthe-
sis could inhibit cleavage in the 5’ETS of yeast
pre-rRNA and impaired formation of 18S rRNA.
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These progresses were accompanied by pro-
gressively decreased growth [7]. During this
process, BRMS2, together with IMP4 and
MPP10, might function by facilitating or sta-
bilizing base-pairing interactions between U3
snoRNA and the pre-rRNA [8]. As a result,
BRMS2 may play roles in cell growth. However,
the relationship between BRMS2 and cancers
remains unknown.

Colorectal cancer (CRC) is the third (10.2%)
most commonly diagnosed and second mortal
(9.2%) cancer [9]. More than 1.8 million new
colorectal cancer cases with almost 900,000
deaths annually [10]. The prognosis of CRC is
far from satisfied even though the advance of
comprehensive treatment strategies including
surgery, chemotherapy, and radiotherapy over
the past few decades. Therefore, it is meaning-
ful to explore novel molecule mechanisms to
be as effective therapeutic targets in clinical
practice. We are wondering whether BRMS2
could potentially serve as a new therapeutic
target for CRC.

In this research, we first found BRMS2 was
aberrantly over-expressed in CRC tissues and
it was an adverse prognostic factor correlated
with a series of clinicopathologic characteris-
tics. Additionally, knockdown of BRMS2 induc-
ed inhibition of cell growth both in vitro and in
vivo without activation of IRBC but was accom-
panied by reduced translation capacity. Thus,
our data provided a link between BRMS2 and
CRC development and indicated that targeting
BRMS2 may be an effective strategy to inhibit
CRC.

Materials and methods
Patients and immunohistochemical analysis

The patients’ information and baseline charac-
teristics have been described in the previous
study [11]. Cancer and its para-cancerous nor-
mal mucosa embedded with paraffin were
made into TMA for further immunohistoche-
mistry (IHC) analysis. The staining of TMA and
xenograft tumor sections were conducted by
using the IHC kit (G1215, Servicebio, Wuhan,
China) according to the manufacturer’s proto-
col. The results of immunostaining were deter-
mined by immunoreactive score (IRS): IRS = SI
(staining intensity) x PP (percentage of posi-
tive cells). S| was determined as: negative = O,
weak = 1, moderate = 2, strong = 3; Staining

931

intensity: negative = O, weak = 1, moderate =
2, strong = 3; additionally, the PP was defined
as: negative = 0, 1~10% = 1, 11~50% = 2,
51~80% = 3, 80~100% = 4 [12]. Immunohis-
tochemical scores were independently deter-
mined by two pathologists. Twelve pairs of tis-
sues were confirmed by western blots. The use
of human tissues in this study was authorized
by the Ethics Committee of Xinhua Hospital
and informed consents were obtained for all
the collections.

Cell culture and reagents

CRC cell lines HCT116, Lovo and SW620 were
purchased from American Type Culture Collec-
tion, Maryland, USA. HEK293T cell line was
kindly provided by Dr. Kunkun Han from The
Asclepius Technology Company Group and
Asclepius Cancer Research Center, Suzhou,
Jiangsu, China. These cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum
(FBS; Gibco, New York, USA) and incubated at
37°C with 5% CO,. The p53 sequence of those
three CRC cell lines were verified by Sanger
sequencing.

Plasmid construction, lentivirus production,
and infection

The annealed shNC, shBRMS2, and shRPL11
sequences were introduced into Tet-pLKO-puro
vector (Addgene, #21915) or Tet-pLKO-neo
(Addgene, #21916) by using Agel and EcoRl
restriction sites. Three gene-specific shRNAs
targeting BRMS2 or RPL11 were designed and
the highest efficiency one was used in further
investigation. The sequences of these shRNAs
were shown in Table S1. For lentiviral packag-
ing, each of the recombinant vectors was co-
transfected with the psPAX2 lentivirus-packag-
ing vector and the PMD2G lentivirus-envelope
plasmid (Gifts from Dr. Xiaodan Hou, Suzhou
Institute of Systems Medicine, Suzhou, Jiang-
su, China) in HEK293T cells by using polyethyl-
enimine (Sigma-Aldrich, Missouri, USA) accord-
ing to the manufacturer’s instructions. Lenti-
virus particles were infected into the CRC cells
in the presence of 6 yg/ml polybrene. Stable
cell lines were further selected with 0.6 ug/ml
puromycin (Sigma-Aldrich, Missouri, USA) or
700 pg/ml G418 (BBlI-lifesciences, Shanghai,
China) for 2 weeks. CRC cells were treated with
1 pg/ml doxycycline hyclate (Dox, Sigma-Ald-
rich, Missouri, USA) for inducing the shRNAs
[13].
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RNA isolation and gRT-PCR

Total RNA was extracted using RNAiso Plus
Reagent (Takara, Dalian, China). An amount of
1 ug total RNA was then reverse-transcribed
into cDNA using the PrimeScriptTM RT reagent
Kit with gDNA Eraser (Takara, Dalian, China)
according to the manufacturer’s instructions.
The oRT-PCR was carried out using SYBR
Green gPCR Master Mix (Takara, Dalian, China)
and Applied Biosystems 7500 Fast Real-Time
PCR System (Applied Biosystems, Waltham,
USA). Expression data were normalized to the
MRNA levels of the GAPDH housekeeping gene
and calculated using the 222t method. The
primer sequences are shown in Table S1. Of
note, pre-47s primer sequences were referred
from previous study [14].

RNA sequencing and bioinformatics analysis

Total RNA of NC-KD and BRMS2-KD HCT116
cells exposed to Dox was extracted using
RNAiso Plus Reagent and sequenced by Ge-
newiz (Suzhou, China). Raw data was analyzed
using the CLC Genomics Workbench (Qiagen,
Aarhus, Demark). Human genome reference
sequence hg38 (NCBI) and 1000 Genomes
Project (Phase 3, Ensembl version 91) were
employed for mapping. The expression value
of RNAseq was expressed as Transcripts Per
Kilobase of exon model per Million mapped
reads (TPM). The fold change between the two
groups was Logged and used for draw heat-
map. The Heatmap was generated using Com-
plexHeatmap package writing on R studio.

Western blot (WB) analysis

Protein extracts were isolated using RIPA lysis
buffer supplemented with protease inhibitor
cocktail (MCE, New Jersey, USA) and protein
concentration was measured with BCA Pro-
tein Assay Reagent (Beyotime, Beijing, China).
30~50 pg protein was separated by SDS-PAGE
gels and transferred to PVDF membranes (Sig-
ma-Aldrich, Missouri, USA). The membranes
were blocked with 5% non-fat milk for 1 h at
room temperature (RT) and then incubated
with primary antibodies at 4°C overnight. The
antibodies used in this study were as follows:
BRMS2 (CSB-PA290241, CUSABIO, Wuhan,
China), RPL11 (ab264342, Abcam, Cambridge,
UK), GAPDH (60004-1-1g, Proteintech, Wuhan,
China), PARP (9532, Cell Signaling, Danvers,

932

USA), Cyclin D1 (A5035, Bimake, Houston,
USA), p53 (60283-2-lg, Proteintech, Wuhan,
China), and p21 (2947, Cell Signaling, Danvers,
USA). Bands were analyzed by enhanced che-
miluminescence system (BioRad, California,
USA) with GAPDH as a loading control.

Cell counting kit-8 (CCK8)

To assess the effect of BRMS2 knockdown on
the cell proliferation ability, 1500/well NC-KD
or BRMS2-KD CRC cells were seeded into
96-well plates, and incubated with or without
1 pg/ul Dox in 200 ul complete medium. After
incubation for 24 h, each well was added with
20 pl CCK-8 solution and incubated for 1 h at
37°C. The plates were read by a microplate
reader at 450 nm for consecutive 6~7 days.
The medium was refreshed every 72 h.

Flow cytometry for cell cycle and apoptosis

NC-KD or BRMS2-KD HCT116 cells exposed to
Dox or not were digested by trypsin and wash-
ed twice with cold PBS, then fixed by 70% ice-
cold ethanol at -20°C overnight. Cells were
stained with 0.5 ml Propidium lodide (Pl)/
RNase staining buffer (550825, BD Pharmin-
gen, San Diego, USA) for 15 min at RT and ana-
lyzed by flow cytometry (Thermo Fisher scien-
tific, Waltham, USA). To detect the cells under-
going apoptosis, those cells were stained with
Annexin V and PI (556547, BD Pharmingen,
New Jersey, USA) according to the manufactur-
er's instructions. Briefly, cells were washed
twice with cold PBS and then resuspended
in 1 x Binding Buffer at a concentration of 1 x
10° cells/100 pl. 5 pl FITC-Annexin V and 5
pl Pl were added. The cells were gently mixed
and incubated for 15 min at RT in the dark.
Finally, 400 ul 1 x Binding Buffer was added
into each tube and flow cytometry was prefor-
med within 1 h. The results of flow cytometry
were analyzed by FlowJo (Version 10).

Tumor xenografts in nude mice

The animal study was approved by the Review
Board of Animal Care and Use of Suzhou Ins-
titute of Systems Medicine. A total of 1 x 107
BRMS2-KD or NC-KD HCT116 cells were sus-
pended in 100 pl serum-free DMEM medium
and inoculated subcutaneously in the flank of
8-week-old male BALB/C Nude mice (n = 16,
8/group). The mice were put on Dox-containing
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chow (625 mg/kg, BiotechHD, Beijing, China) 3
days before implantation [15]. Throughout the
experiment, tumor volumes were monitored
every day after implantation. At the end of the
experiment, mice were euthanized and tumors
were excised, weighted, and subjected to other
experiments.

Translation assay

To quantify the protein translation rate after
BRMS2 depletion, we used the non-radioac-
tive metabolic labelling assay kit “Click-iT HPG
Alexa Fluor 488 Protein Synthesis Assay Kit”
(C10428, Thermo Fisher Scientific, Waltham,
USA) to measure the global translation accord-
ing to the manufacturer’s protocol. Briefly, cells
were pre-cultured in L-methionine-free medi-
um for 45 min to deplete endogenous methio-
nine. 50 uyM HPG was added to the culture
medium and incubated for 30 min. Then, cells
were fixed in situ or digested by trypsin and
undergo next steps in the tube. After fixation,
0.5% Triton X-100 in PBS was added and incu-
bated for 20 min at RT. The azide-alkyne cyclo-
addition was performed using the Alexa Fluor
488 azide and incubated for 30 min at RT, pro-
tected from light. After DNA staining using HCS
NuclearMask Blue, the cells were recorded by
fluorescence microscopy (Nikon) or flow cytom-
etry [16]. The mean fluorescence intensities
were analyzed by Image J and normalized by
the mean fluorescence intensity of the NC-KD
HCT116 cells.

Statistical analysis

GraphPad Prism 8 and SPSS 13.0 were used
for statistical analyses. Quantitative variables
were analyzed by Student’s t test. The relation-
ships between BRMS2 expression and clinico-
pathologic variables were analyzed using the
Chi-square and Fisher’s exact tests. Kaplan-
Meier survival curves were constructed, and
the log-rank test was performed to assess
patients’ survival. P<0.05 was considered sta-
tistically significant for all analyses.

Results

Aberrant overexpression of BRMS2 in colorec-
tal cancer patients is associated with worse
prognosis

To investigate the role of BRMS2 in CRC cells,
we firstly evaluated the expression of BRMS2
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in 12-paired normal and CRC tissues by west-
ern blot. As shown in Figure 1A and 1B, BR-
MS2 protein levels were significantly increas-
ed in CRC tumor tissues compared with the
paired normal paracancerous tissues. Further-
more, this result was confirmed by IHC stain-
ing in a TMA with 151 CRC tumor tissues and
paired normal colon tissues. Representative
BRMS2 |HC staining images were presented in
Figure 1C. Among the 151 patients, percent-
age of BRMS2-high expression in CRC tissues
(45.70%) was higher than that in normal tis-
sues (9.93%) (Figure 1D; Table 1).

Based on IHC staining of CRC tissues, all pa-
tients were divided into a low-BRMS2 group
(IRS scrore <8, N = 82) and a high-BRMS2
group (IRS scrore >8, N = 69). The relationship
between BRMS2 expression and the prognosis
was evaluated then. In the Kaplan-Meier sur-
vival analysis, overall survival (OS) (P<0.0001)
and disease-free survival (DFS) (P<0.0001) in
the low-BRMS2 group were significantly better
than those in the high-BRMS2 group (Figure
1E, 1F).

Clinicopathologic significance of BRMS2 ex-
pression in CRC patients

To explore whether BRMS2 was associated
with the clinical characteristics of CRC pati-
ents, we compared several clinical and patho-
logic factors (Table 1) of the 151 patients. No
significant difference was observed in gen-
der (P = 0.534), age (P = 0.974), location (P =
0.769) and CEA level (P = 0.602) between the
low-BRMS2 group and the high-BRMS2 group.
However, a significant difference was found in
extent of invasion (P = 0.010), lymphatic me-
tastasis (P = 0.022), metastasis (P = 0.033)
and TNM stage (P = 0.016).

Loss of BRMS2 attenuates the proliferation
of CRC cells by blocking cell-cycle instead of
inducing cell apoptosis in vitro

Given that high BRMS2 was associated with
worse prognosis, we then investigated the bio-
logical function of BRMS2 in CRC cells. As
shown in Figure 2A, the protein expression of
BRMS2 was detected in 6 CRC cell lines and it
was highly expressed in HCT116 cells while
lowly expressed in LoVo cells.

To further evaluate the role of BRMS2 in cell
growth, we introduced a Dox-inducible shRNA
to knock down BRMS2 both in HCT116 and

Am J Cancer Res 2021;11(3):930-944
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Figure 1. Increased BRMS2 expression in CRC tissues predicts worse prognosis. (A, B) BRMS2 expression in 12
paired CRC samples were detected by western blot (A), and relative grey values of bands were quantified (B). (C) The
representative immunohistochemical images of paracancerous normal tissues and tumor tissues in tissue microar-
ray (magnification: x 100, upper panels; x 400, lower panels). (D) The violin plot of tissue microarray indicated IHC
scores of tumor tissues was significantly higher than normal tissues. (E, F) The Kaplan-Meier plots were stratified by
BRMS2 expression for overall survival (E) and disease-free survival (F) in CRC patients. N: normal tissues; T: tumor

tissues. "P<0.05, **P<0.01, “*P<0.001.

LoVo cells using a lentivirus-mediated system.
Dox was added to induce BRMS2 knockdown
and the efficiency was confirmed by qRT-PCR
(Figure 2B) and western blot (Figure 2F). As
the outcome of BRMS2 knockdown, pre-47S
RNA was accumulated (Figure 2C).

Next, to examine whether BRMS2 silence inhi-
bited CRC proliferation, CCK-8 assay was car-
ried out to measure cell viability in the two cell

934

lines. As shown in Figure 2D, 2E, BRMS2-KD
HCT116 or LoVo cells exposed to Dox exhibit-
ed significant loss of viability in contrast to the
control cells or the BRMS2-KD cells without
supplying with Dox. Moreover, the proliferation-
inhibition effect of HCT116 was stronger than
that in LoVo following BRMS2 knockdown.

Those results demonstrated a link between
BRMS2 expression and CRC cell growth. There-

Am J Cancer Res 2021;11(3):930-944
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Table 1. Relationship between BRMS2 expression and clinicopath-

ologic variables in 151 CRC patients

tion increased the percent-
age of cells in G1 phase

BRMS2 expression

(P<0.0001) (Figure 2G, 2H).

Characteristic Case (151) Low High X2 value P Moreover, no significant chan-
Tissues 48.090 0.000 ge Was. ob§erved In apoptosis
analysis (Figure 2I, 2)J).
N 151 136 15
T 151 82 69 Conditional depletion of
Gender 0.386 0.534 BRMS2 does not induce p53
Male 79 a1 38 stabilization
Female 2 4 31 BRMS2 has been identified as
Age 0.001  0.974 a participator in pre-18S rRNA
<65y 72 39 33 processing [8], as a result, it
265y 79 43 36 was not weird for BRMS2 de-
Location 0.525 0.769 pletion to active p53 pathway
Left hemicolon 53 28 25 and induce IRBC. To address
Right hemicolon 30 15 15 this hypothesis, we first de-
Rectum 68 39 29 tected the protein levels of
Extent of invasion 11.286 0.010 p53 and p21 in NC-KD and
T 5 5 0 BRMS2-KD HCT116 cells ex-
T2 12 8 a posed to Dox forOd, 3dor5
I3 42 30 19 d. Intngumgly, protein level of
p53 was slightly down-regu-
T4 95 42 53 lated instead of up-regulated
Lymphatic metastasis 7.652 0.022 as the expectation when BR-
NO 71 47 24 MS2 was conditionally deplet-
N1 52 23 29 ed. This result was supported
N2 28 12 16 by p21 in western blot which
Metastasis 4524 0.033 was significantly decreased
MO 132 76 56 too (Figure 3A). In NGS analy-
M1 19 6 13 sis, most of p53 target genes
TNM stage 10305 0016  listed by KEGG (map04115)
were downregulated (Figure
| 12 8 4
3B).
Il 54 36 18
M 69 34 35 Treating BRMS2-KD HCT116
1% 16 4 12 cells with Dox for O h to 72 h,
CEA level 0.272 0.602 we found the inhibition of p53
<10 ng/ml 104 55 49 pathway was a time-depen-
>10 ng/ml 47 27 20 dent process and p53 was

fore, we next sought to uncover the causes of
loss of viability when BRMS2 depletion. As a
result, cell cycle and apoptosis in HCT116
cells were investigated using western blot. We
found Cyclin D1 was notably decreased when
BRMS2-KD cells were exposed to Dox, while
reduction of BRMS2 expression did not influ-
ence the cleaved-PARP level (Figure 2F). To
validate this observation, flow cytometry was
performed to detect cell cycle and apoptosis.
Consistent with above findings, cell cycle ana-
lysis revealed that BRMS2-conditional deple-
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never activated during this
process (Figure 3C-F). BRMS2
MmRNA was significantly down-regulated when
BRMS2-KD HCT116 cells exposed to Dox for 6
h and decreased further until about 24 h
(Figure 3C). pre-47s was accumulated depend-
ing on the depletion of BRMS2 (Figure 3D).
p21 and GADD45G which were down-regulated
in the NGS analysis, were taken as represent
target genes of p53. As expectation, p21 and
GADD45G were significantly down-regulated
depending on BRMS2 depletion (Figure 3E,
3F). These results indicated p53 might not be
activated when BRMS2 was depleted.

Am J Cancer Res 2021;11(3):930-944
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Figure 2. Loss of BRMS2 impedes proliferation in CRC cells by inducing cell cycle block rather than cell apoptosis. A.
BRMS2 expression in six CRC cell lines detected by western blot. B, C. QPCR analysis of BRMS2 and pre-47S expres-
sion level in HCT116 and LoVo cells transduced with NC and BRMS2 shRNA TET-ON virus in the presence of Dox.
GAPDH served as an internal control. D, E. The proliferation of BRMS2-knockdown HCT116 and LoVo cells in the
absence and presence of Dox was analyzed by CCK-8 assay. The cell numbers were analyzed every day for 7 days.
F. Western blot was performed to detect BRMS2, Cyclin D1, and PARP expression after cells were induced by Dox for
0, 3, and 5 days. GADPH served as an internal control. G, H. Flow cytometry was performed to detect cell cycle after
cells were induced by Dox in NC-KD and BRMS2-KD HCT116 cells. |, J. No significant change of cell apoptosis was
observed when analyzed by flow cytometry in Dox induced BRMS2-knockdown HCT116 cells. *P<0.05, "*P<0.01,
“*P<0.001.

To further confirm whether p53 played a role in Another approach we took was co-inhibiting
BRMS2 depletion-induced proliferation inhibi- RPL11 and BRMS2 at the same time in HCT-
tion, we knocked down BRMS2 in SW620 cells 116 cells. Previously studies indicated RPL11
whose p53 was mutated. Consistent with re- could be over-expressed in face of several ri-
sults in HCT116 cells, cell proliferation was bosome biogenesis stress factors and knock-
slowed down when BRMS2-KD SW620 cells down of RPL11 led to the abrogation of p53
exposed to Dox (Figure 3G-I). Cyclin D1, p21, stabilization [17]. If the IRBC existed in the
and p53 were also lowly expressed (Figure 3H). BRMS2-knockdown cells, further knocking do-

936 Am J Cancer Res 2021;11(3):930-944



BRMS2, a novel therapeutic target in CRC cancer

A NC-KD BRMS2-KD B e — 1 —
NC-KD (+DOX
kDa o 3 5 0 3 5 Dox(days) ( ) i
53- S swn s Gn == === P53 BRMS2-KD (+DOX)-
B8ERZI3003% 3025 RE3RUIRARLITGBEILE
PP E R RE R R R FE PR 33
21 - - —— - P21 SR gs ‘-’g;“ﬁig 5ITeTTRATET @ 37
36- GNP WP GND em == @ GAPDH Iog2
C D E F
BRMS2 pre-47S p21 GADD45G
0 e D )
215 24 815 S1.5
< © ] <
5 £3 e £ <
210 s " 210 510 I
) L2 S ]
£ 05 T £05 05 e
o gt o o
o o o o
goo o < 0.0 500
= 0 6 12 24 48 72 = 0 6 12 24 48 72 Q 0 6 12 24 48 72 = 0 6 12 24 48 72
Dox induce time (h) Dox induce time (h) Dox induce time (h) Dox induce time (h)
G H |
—_ SWe20
< 154
218 NC-KD  BRMS2-KD g 0] T NekpDon)
£ kDa 9g 3 5 0 3 &5 Dox(days) & == NG-KD (+Dox}
1.0 L O e - $1.0 & BRMS2KD (Dox)
2 21- BRMS2 3 =~ BRMS2-KD (+Dox)
= oo 36 - w— o —— = Cyclin D1 g il
&os 05
< 53 - e - W w— o = D53 >
o =)
£ o0 -GS - p21 00i—s .
= NC-KD BRMS2-KD 36 - - e GE» e e GAPDH 01 2 3 4 5 6 7
(+Dox)  (+Dox) Days
J . BRMS2+RPL11-KD (+Dox) BRMS2.KD RBIE.T'IS%.J L HCT116
= BRMS2-KD (+Dox) - - =5~ BRMS2+RPL11-KD (-Dox)
21,5 7 CINCKD (+Dox) kDa 0 3 5 0 3 5 Dox(days) _ 1.57-= BRMS24RPL1KD (+Dox]
E I 2 - - — . — — . BRMS2 E == BRMS2-KD (-Dox)
(=]
;‘I.D L T [P — RPL11 ?1'0- —e— BRMS2-KD (+Dox)
]
£ 36 W w— e - —— —— Cyclin D1 S
T -] e
205 53 e o e o —— P53 5057
<
T} 2] - M —— —— —— P21 8 arx
0.0 36 - " W e e e === GAPDH 0.0 —

IMP3 RPL11 p53 p21 GADD45G

o

Figure 3. Cell cycle block after BRMS2 knockdown is not result from ribosome biogenesis stress. A. Western was
performed to detect p53 and p21 expression after Dox induced NC and BRMS2-knockdown HCT116 cells for O, 3,
and 5 days. GADPH served as an internal control. B. The expression of BRMS2 and downstream genes of p53 were
detected by RNA-seq after Dox induced NC and BRMS2-knockdown HCT116 cells. The set of genes were collected
from KEGG. Most downstream genes of p53 were down-regulated. C-F. QPCR analysis of BRMS2, pre-47S, p21,
GADDA45G expression level in HCT116 after Dox induced BRMS2 knockdown for O, 6, 12, 24, 48 and 72 h. G. QPCR
analysis of BRMS2 expression level after Dox induced NC and BRMS2-knockdown SW620 cells in which p53 was
mutated. H. Western blot was performed to detect BRMS2, Cyclin D1, p53 and p21 expression after Dox induced
NC and BRMS2-knockdown SW620 cells for 0, 3, and 5 days. I. The proliferation of BRMS2-knockdown SW620 cells
in the absence and presence of Dox was analyzed by CCK-8 assay. The cell numbers were analyzed every day for 7
days. J. QPCR analysis of BRMS2, RPL11, p53, p21, and GADD45G expression level after Dox induced NC, BRMS2
depletion alone or BRMS2 and RPL11 co-depletion. K. Western blot was performed to detect BRMS2, RPL11, Cyclin
D1, p53 and p21 expression after Dox induced BRMS2 depletion alone or BRMS2 and RPL11 co-depletion. L. CCK8
assay was used to analyze the proliferation of HCT116 cells with BRMS2 knockdown alone or BRMS2 and RPL11
knockdown together. The cell numbers were analyzed every day for 6 days. “P<0.05, *"P<0.01, **P<0.001.

wn RPL11 might rescue the proliferation-inhi-
bition effects. As Figure 3J, 3K shown, BRMS2
and RPL11 were knocked down at the same
time in HCT116 cells when exposing to Dox.

Additionally, RPL11 was over-expressed when
BRMS2 was interfered as expectation, even
though the up-regulated RPL11 did not act as
the p53 stabilizer in BRMS2-KD cells (Figure
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3J, 3K). However, the proliferation inhibition
was not relieved and even severer when RPL11
was knocked down (Figure 3L). Take together;
our data indicated that p53 or IRBC may not
play the central role in BRMS2-depletion-in-
duced proliferation inhibition.

BRMS2 depletion impairs CRC tumor growth
but not activate p53 signaling in nude mice

The effects of BRMS2 deficiency on CRC cell
proliferation in vitro prompted us to examine
whether BRMS2 depletion could inhibit CRC
tumor growth in vivo. We injected Dox-induci-
ble NC-KD or BRMS2-KD HCT116 cells into
8-week-old nude mice. Consistent with the
effects in vitro, BRMS2-KD HCT116 xenograft
tumors showed more than 50% inhibition in
growth compared with the NC-KD tumors
(Figure 4A). About 14 days after implantation,
mice were sacrificed and tumors were excised
for further measurement and detection. The
excised tumors were aligned for comparison
(Figure 4B). In agreement to the tumor volume,
the weight of BRMS2-KD tumors was reduced
about to 30% of the weight of NC-KD tumors
(Figure 4C).

As shown in Figure 4D-G, the qRT-PCR, wes-
tern blot, and IHC confirmed that inducible
BRMS2 knockdown resulted in downregula-
tion of BRMS2 mRNA and protein levels. The
pred7s was accumulated as the outcome of
BRMS2 depletion (Figure 4D). Consistent with
the slowed growth, expression of Cyclin D1
was down-regulated in BRMS2-KD tumors.
Additionally, p53 and p21 were also lowly
expressed consistent with our in vitro data.
Collectively, our findings indicated that BRMS2
knockdown significantly inhibited CRC cells
growth in vitro and in vivo. Moreover, the ef-
fects were not dependent on activation of p53
or IRBC.

Translation rate is reduced when knocking
down BRMS2

Previous studies have shown that loss of RPL5
and RPL11 impeded cell proliferation mainly
due to the reduced translation capacity [18].
BRMS2 was reported to help mediate the
U3 snoRNA-pre-rRNA base-pairing interactions
which was important for ribosome biogenesis
[19]. As a result, we reasoned that the inhi-
bited proliferation of BRMS2 depletion might
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duo to the reduced protein translation. To
address this, we measured the translation rate
by L-HPG incorporation into nascent proteins.
As shown in Figure 5A, 5B, the translation rate
in BRMS2-KD HCT116 cells was decreased
more than half compared with the NC-KD cells.
The signal intensity of nascent proteins mea-
sured by flow cytometry showed similar results
(Figure 5C, 5D). Those results indicated re-
duced translation capacity rather than activa-
tion of p53 played the main role in BRMS2
suppression-mediated growth inhibition.

Discussion

Nowadays, the functions of BRMS2 have not
been comprehensively understood. The main
known one is that BRMS2 was required for the
early cleavages during pre-18S rRNA process-
ing by mediating the formation of U3-pre-rRNA
duplexes [8, 19, 20]. However, the role of
BRMS2 in cancer development is largely un-
known. In this study, we firstly uncovered the
aberrant overexpression of BRMS2 in CRC
cells and its biological function in promoting
cell proliferation. This proposes that BRMS2
could be a putative therapeutic target for CRC.
Moreover, the therapeutic effect of BRMS2
depletion is accompanied by reduced transla-
tion rate rather than IRBC.

It has been reported that ribosome is essen-
tial for protein translation, and thus for cell
growth and proliferation [21]. Hyperactive ribo-
somal biogenesis is the main characteristic of
cancers cells [22]. Ribosome biogenesis begins
with transcription of rRNA by RNA polymerases
| and it is the rate-limiting step in ribosome pr-
oduction [23]. Then, the maturation of rRNA is
coordinated mainly by box C/D and box H/ACA
snoRNPs. C/D snoRNPs components such as
snoRNP proteins methyltransferase fibrillarin
(FBL) or snoRNAs U3 and U8 have been shown
to be upregulated in several cancer types [24,
25]. As a result, it is not wired for us to uncover
the aberrant overexpression of BRMS2 in CRC
cells. Moreover, our results showed that the
high expression level of BRMS2 in tumor tis-
sues was associated with worse prognosis.

Previous studies indicated increased activity of
the ribosome biogenesis was not only required
for the rapid proliferation of cancer cells, but
might also serve as a driving force in malignan-
cy [26]. As a result, ribosome biogenesis has
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Figure 4. BRMS2 knockdown inhibits tumor growth in CRC in vivo. 10 million NC-KD or BRMS2-KD HCT116 cells were
inoculated into mice to create a xenograft tumor model. Mice were randomized into two groups (8 mice/group). The
mice were fed dox-containing chow (625 mg/kg) for 3 days with Dox prior to inoculation and after inoculation until
sacrifice. A. The tumor volumes were recorded in both groups. B. Images of tumors were taken from both groups
after 2 weeks of treatment. Tumors derived from the BRMS2-KD HCT116 cells were significantly smaller compared
with the NC-KD group. C. The tumor weight were measured too. D. QPCR analysis of BRMS2, pre-47S, p53, p21, and
GADDA45G expression level in NC-KD or BRMS2-KD group in vivo. E, F. Western blot was performed to detect BRMS2,
Cyclin D1, p53 and p21 expression in NC-KD or BRMS2-KD group in vivo and quantification of relative grey value of
bands were compared with GAPDH. G. Immunohistochemical analysis of BRMS2 expression in tumors from the two
groups (magnification: x 200, upper panels; x 400, lower panels). “P<0.05, “*P<0.01, “"P<0.001.
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Figure 5. Loss of BRMS2 decreases CRC cells translation capacity. (A) Nascent protein synthesis was detected by
Click-iT HPG after NC-KD or BRMS2-KD HCT116 cells treated with Dox for 3 days. HCT116 cells incubated for 30 min
with CHX (50 ug/mL) served as negative controls. (B) The graph showed the quantification of HPG Alexa Fluor 488
fluorescence intensity in (A). (C) Flow cytometry readout for nascent protein synthesis by Click-iT HPG in the different
conditions. (D) Quantification of global translation in (C). “P<0.05, **P<0.01, "**P<0.001.

have been identified. For example, chemicals

been treated as a promising therapeutic target
blocking rRNA transcription (e.g., actinomycin

and a large variety of chemotherapeutic drugs
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D, mitomycin C, mitoxantrone, doxorubicin, cis-
platin, oxaliplatin and methotrexate) [27] or
pre-rRNA processing (e.g., Camptothecin, flavo-
piridol, roscovitine, 5-fluorouracil, MG-132, and
homoharringtonine) [28] have been used as
chemotherapeutic drugs in cancer treatments.
In our study, we found knockdown of BRMS2
could impede cell proliferation in CRC cells.
Those indicated BRMS2 may function as a
potential anti-cancer target. Moreover, no ef-
fective inhibitor targeting BRMS2 has been
identified. Even though the ribosome biogene-
sis occurs in both normal and cancer cells, evi-
dences have shown inhibition of ribosome bio-
genesis selective damaged cancer cells. The
higher sensitivity of cancer cells to the inhibi-
tors appears to be the consequence of up-reg-
ulate the ribosome biogenesis rate [29-31].

Deletion of one allele of the Rps6 resulted in
peri-gastrulation lethality. Cross breeding the
Rps6-heterozygous mouse with a p53-null
mouse bypassed their lethality until mid-ges-
tation, when the embryos died, showing defec-
tive translation of some proteins [32]. This indi-
cates defective translation and p53-depen-
dent checkpoint are two main consequence of
impaired ribosome biogenesis. Downregulation
of U3 components such as FBL and U3 snoR-
NAs have been shown to stabilize p53 and
activate the IRBC [5, 24]. As a result, we first
speculated that BRMS2-depleted HCT116 cells
proliferated at a lower rate may result from the
same mechanism. However, to our surprise, our
results showed that depletion of BRMS2 didn’t
show accumulation of p53 and induction of
IRBC. In addition to the detection of p53 path-
way in BRMS2-depleted HCT116 cells, SW620
cells harboring mutated p53 were used to veri-
fy the inactivation of IRBC in the present study.
Functional p53 is essential in sensing the fidel-
ity of ribosome biogenesis and inducing IRBC.
The cell cycle progression would resume if the
p53 response could not be induced because of
the mutation or deletion even though the ribo-
some biogenesis was impaired [1]. Our results
showed that BRMS2-depleted SW620 cells
also proliferated at a lower rate similar to the
results in HCT116. This is another proof that
BRMS2 depletion may not function through
activation of p53.

Although multiple participants in ribosome bio-
genesis have showed the ability to activate p53
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[33], it is generally accepted that RPL5 and
RPL11 as well as 5S rRNA play the major roles.
This may be that most RPs are rapidly degrad-
ed by the proteasome while RPL5 and RPL11
are able to accumulate in a ribosome-free frac-
tion because of their mutual protection from
proteasomal degradation [17]. In actinomycin
D-induced A549 and U20S cells, depletion of
RPL5 and/or RPL11, significantly abrogated the
stabilization of p53 and rescued the arrest of
cell cycle [17]. As a result, another approach we
took was knocking down BRMS2 in combina-
tion with RPL11 at the same time. If IRBC exist-
ed in BRMS2-depleted cells, co-silent RPL11
will decrease p53 and recover the low-rate
cell proliferation. However, our results was that
knockdown of RPL11 could not rescue even
aggravate the low-rate cell proliferation in BR-
MS2-depleted HCT116 cells. This finding was
consistent with the phenomenon that loss of
RPL11 in primary human lung fibroblasts with-
out undergoing IRBC impedes cell prolifer-
ation. They found that the depletion of RPL11
reduced the translation capacity instead of
activating p53 pathway. Production of ribo-
somes controls translation of all proteins in the
cell and thus governs cell growth and prolifera-
tion [34]. RPL5/RPL11/5S rRNA-Hdm2-depen-
dent IRBC and insufficient translation are two
outcomes of impaired ribosome biogenesis
[18]. As a result, we detected the translation
rate and found it was at a low rate in BRMS2-
depleted HCT116 cells. Take together, it can
be speculated that BRMS2-depletion-induced
low-rate proliferation may result from reduced
translation capacity rather than IRBC in the
present study. Thus, further investigations are
required.

We investigated in several aspects to verify the
function of p53 in BRMS2-depleiton-induced
growth inhibition and found p53 did not play
the key role. However, this was not a meaning-
less result because these results indicated
BRMS2 was much more special than other
snoRNP or ribosome components. Depletion
of BRMS2 didn’t act like the numerous other
ribosome processing factors which was capa-
ble of inducing IRBC [35-37], nor like RPL11/
RPL5 which didn’t affect the protein level of
p53 [38]. In our study, the protein expression
of p53 was slightly depressed and its targets
were significantly down-regulated according to
BRMS2 depletion. These indicated BRMS2
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may play other important roles. For example,
could BRMS2 bind to Hdm2 and promote the
stabilization of p53 like RPL11? We don't fully
understand why BRMS2 is so special and fur-
ther investigations are needed. Notably, we
observed the expression of RPL11 was incre-
ased in BRMS2-depleted HCT116 cells. This
was consistent with previous study that RPL11
protein was translationally up-regulated upon
impairing 40S ribosome biogenesis [39]. Cells
could selectively upregulate the translation of
RPL11 mRNAs because of its 5’ terminal oligo-
pyrimidine tract (5’-TOP mRNAs), despite inhibi-
tion of global protein synthesis [38]. As a re-
sult, the overexpression of RPL11 indicated
that loss of BRMS2 may have the potential
ability to induce IRBC but eventually covered
by the translation inefficiency of p53 and its
targets. Further investigations should be per-
formed to address this hypothesis.

Conclusions

Our study demonstrates that BRMS2 is aber-
rantly overexpressed in CRC which is correla-
ted with an adverse prognosis. Additionally,
silence of BRMS2 impedes CRC cell growth
both in vitro and in vivo. Those indicate BR-
MS2 could be potential target for CRC thera-
py. Moreover, the therapeutic effect of target-
ing BRMS2 is independent of IRBC, but never-
theless companied by translation insufficiency.
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Table S1. The primers and shRNA sequences used in this study

Name Sequences
IMP3 F: CTGACGTGGTTACCGACCC
R: TCGCGCTCCTCATTGTACTC
RPL11 F: TTCGCATCCGCAAACTCTGT
R: TTCTCCGGATGCCAAAGGAT
Pre-47s F: GCTGACACGCTGTCCTCTG
R: ACGCGCGAGAGAACAGCAG
p53 F: TGTGACTTGCACGTACTCCC
ACCATCGCTATCTGAGCAGC
p21 F: TGTGGACCTGTCACTGTCTT
R: GAGTGGTAGAAATCTGTCATGCT
GADD45G F: GACACAGTTCCGGAAAGCAC
R: TTGGCTGACTCGTAGACGC
GAPDH F: ACCCAGAAGACTGTGGATGG
R: CAGTGAGCTTCCCGTTCAG
shNC CCGGTTCTCCGAACGTGTCACGTCTCGAGACGTGACACGTTCGGAGAATTTTTG
AATTCAAAAATTCTCCGAACGTGTCACGTCTCGAGACGTGACACGTTCGGAGAA
shBRMS2# CCGGCAGACGGTCGTAGGTTCTTAACTCGAGTTAAGAACCTACGACCGTCTGTTTTTG
AATTCAAAAACAGACGGTCGTAGGTTCTTAACTCGAGTTAAGAACCTACGACCGTCTG
shRPL11# CCGGGCGGGAGTATGAGTTAAGAAACTCGAGTTTCTTAACTCATACTCCCGCTTTTTG

AATTCAAAAAGCGGGAGTATGAGTTAAGAAACTCGAGTTTCTTAACTCATACTCCCGC

“Three gene-specific sShRNAs were designed and the highest efficiency one was presented here and used in further investiga-
tion.



