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BSTRACT 

reast cancer is the most common type of cancer 
mong w omen w orldwide, and it is estimated that 
94 000 new diagnoses and 37 000 deaths will oc- 
ur eac h y ear in the United States alone by 2030. 
arg e-scale g enomic studies have identified a num- 
er of genetic loci with alterations in breast cancer. 
o we ver, identification of the genes that are criti- 
al for tumorgenicity still remains a challeng e. Here , 
e perform a comprehensive functional multi-omics 

nalysis of somatic mutations in breast cancer and 

dentify pre viousl y unkno wn ke y regulator s of breast 
ancer tumorgenicity. We identify dysregulation of 
YCBP2 , an E3 ubiquitin ligase and an upstream reg- 
lator of mTOR signaling, is accompanied with de- 
reased disease-free survival. We validate MYCBP2 

s a key target through depletion siRNA using in 

itro apoptosis assays in MCF10A, MCF7 and T47D 

ells. We demonstrate that MYCBP2 loss is asso- 
iated with resistance to apoptosis from cisplatin- 

nduced DNA damage and cell cycle changes, and 

hat CHEK1 inhibition can modulate MYCBP2 activ- 
ty and caspase c leav age . Fur thermore, we show that 
YCBP2 knockdown is associated with transcrip- 

omic responses in TSC2 and in apoptosis genes and 

nterleukins. Therefore, we show that MYCBP2 is an 

mportant g enetic targ et that represents a key node 

egulating multiple molecular pathways in breast 

g
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RAPHICAL ABSTRACT 

NTRODUCTION 

any long-standing pathological studies define breast can- 
er as a heterogeneous disease through the immunohis- 
ochemistry status of various receptors such as estro- 
en receptor (ER), human epidermal growth factor 2 

HER2 / ErbB2) and pr ogester one receptor ( 1 ). Based on 

his a pparent hetero geneity, m ultiple independent causati v e 
enes have been characterized to da te tha t contribute to 
n.zhang@mssm.edu 
; Email: martin.walsh@mssm.edu 
 be regarded as Joint First Authors. 

cer. 
Attribution-NonCommercial License 
-use, distribution, and reproduction in any medium, provided the original work 
m 

https://orcid.org/0000-0002-9549-5653


2 NAR Cancer, 2023, Vol. 5, No. 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

breast cancer prognosis, and they may be attracti v e options
for personalized cancer therapy ( 2 ). Recently, the detection
of many somatic lesions among breast cancers provides the
identification of additional dri v ers with improved sensitivity
and their interconnectivity with specific pathways known to
foster human breast tumorgenicity , malignancy , metastasis
and their putati v e relationship to survival ( 3 ). Recent multi-
omics studies of cancer, such as The Cancer Genome Atlas
(TCGA), provide a large body of clinical, genomic, tran-
scriptomic and proteomic data to further determine drug-
gable targets for breast cancer through more powerful, in-
tegrati v e approaches ( 4 ). 

One potential target pathway for breast cancer ther-
apy is the PI3K / AKT / mTOR signaling pathway that
is frequentl y m utated toward gain of function including
PIK3CA, AKT, RAS members and other kinases, whereas
loss or inactivation of tumor suppressors such as PTEN
leads to d ysregula ted cell gro wth, tumor genicity and en-
hanced survival in multiple breast cancer subtypes ( 5 ). Be-
cause of their high mutational frequency in breast cancer,
multiple inhibitors that target this signaling cascade are cur-
rently available or undergoing clinical trials ( 6 ). Indeed, the
TCGA study showed that PIK3CA, AKT and PTEN dys-
regulation accounts for 36%, 12% and 22% of breast can-
cers, respecti v ely ( 2 ). 

We show a strong correspondence between two genes,
MYCBP2 and CHEK1 , to the PI3K / AKT / mTOR signal-
ing pathway, with demonstrated capacities to dri v e breast
oncogenesis across multiple breast cancers subtypes, fur-
ther gi ving ne w insights into tumorigenesis and nov el tar-
gets for cancer therapy. MYCBP2 , also known as Myc bind-
ing protein 2 in humans, has a murine orthologue iden-
tified as either Phr1 or Pam . Full-length MYCBP2 en-
codes a 4640-amino acid protein, previously identified as
an E3 ubiquitin ligase, which has been shown to ubiquiti-
na te TSC2, thereby stimula ting mTOR activity ( 6 ). Interest-
ingly, in other cancer types, including leukemia, melanoma,
colon and prostate cancer, MYCBP2 dysfunction via single-
nucleotide polymorphisms has been associated with a poor
prognosis ( 7–9 ) and corresponds with an earlier presen-
tation of disease ( 10 ). MYCBP2 was identified upstream
of pro-apoptotic signaling molecules such as the cellular
FLICE-like inhibitory protein (c-FLIP, CFLAR ) and TNF-
related apoptosis-inducing ligand ( TRAIL ) ( 12 ). One re-
cent experimental study showed that MYCBP2 downregu-
lation by miR-17-92 miRNA in multiple uveal melanoma
cell lines led to TRAIL -mediated resistance to apoptosis,
and that TRAIL sensitivity and c-FLIP activity are medi-
ated by MYCBP2. To date, no experimental studies have
been performed on MYCBP2 in cancer to validate such a
function in breast cancer. Beyond the scope of the link of
MYCBP2 to cancer, two studies on de novo MYCBP2 muta-
tions seen in patients with neurodegeneration show that its
loss of function may lead to defects in axonal termination
resulting in uncontrolled axonal growth and is significantly
enriched in autism spectrum disorder ( 11 , 12 ). Additionally,
CHEK1 , also known as checkpoint kinase 1 and a critical
Ser / Thr kinase, has been shown to promote cell cycle arrest
in response to DNA damage or from mis -replicated DNA
( 13 ), and has also been shown to phosphorylate MYCBP2 ,
based on a large-scale in vitro kinase screening assay ( 14 ).
Furthermore, CHEK1 was shown to be upstream of TP53
and is d ysregula ted, muta ted or phosphoryla ted among sev-
eral cancer types, including breast cancer ( 15 , 16 ). 

This study investigates the impact of MYCBP2 mutations
on oncogenic processes in breast cancer that include the
effects of MYCBP2 loss in human tumor cell lines. First,
by using a novel integrative analysis of the T CGA br east
carcinoma data, we identify significant enrichment of MY-
CBP2 for somatic single-nucleotide variants (SNVs) among
breast cancers. We also discover a significant positi v e cor-
respondence between MYCBP2 and mTOR complex gene
e xpression le v els. We demonstra te tha t CHEK1 is signifi-
cantly upregulated in breast cancers and also correlates with
a poorer prognosis and survival outcomes. Second, through
an in vitro cell apoptosis assay, we show that human primary
cancer cells were more resilient to DNA damage-induced
a poptosis w hen MYCBP2 is knocked down by siRN A in
the presence of the chemotherapeutic agent cisplatin, sug-
gesting that cancers harboring MYCBP2 loss-of-function
mutations correspond with resistance to the drug treatment
used. Third, we validate the link between CHEK1 inhibi-
tion and MYCBP2 knockdown in multiple cancer cell lines
and their effects on caspase cleavage, necessary for apop-
tosis initiation. Lastly, we further characterize the whole
transcriptome from MYCBP2 loss in MCF10A cells be-
fore and after siRNA treatment to characterize additional
pa thways tha t are modula ted by MYCBP2 in breast can-
cer tumorigenesis. Collecti v ely, these studies re v eal the rela-
tionship of the intact MYCBP2 gene as an important role
the E3 ligase, MYCBP2, uses to function as an axis for
cells to a ppropriatel y respond to DN A damage in response
to drug therapy, leading to apoptotic cell death. There-
fore, by this mechanism, loss of MYCBP2 in breast cancer
can lead to poorer clinical outcomes and response to drug
therapy. 

MATERIALS AND METHODS 

Data sources 

Simple soma tic muta tions for 993 participants with breast
invasi v e car cinoma (BRCA) wer e collected from an anal-
ysis performed by the TCGA Program. Data were gener-
ated by whole exome sequencing at the Washington Uni-
versity School of Medicine Genome Sequencing Center us-
ing the Illumina Genome Analyzer IIx curated DNA se-
quencing pla tform. Soma tic muta tions were aligned to hu-
man r efer ence genome GRCh37 (hg19). Cop y number vari-
ation (CNV) was collected from 824 samples (722 tumors
and 102 adjacent normal samples) from the TCGA-BRCA
study with whole exome sequencing performed by the Illu-
mina HiSeq automated sequencing platform. CNVs were
generated by the GISTIC algorithm and deposited online
in the TCGA data portal. Gene expression data were col-
lected from two sources, including (i) the TCGA-BRCA
study with 1087 samples and (ii) the METABRIC study
of ER+ breast cancer with 1505 samples ( 17 ). The RNA
sequencing (RNA-seq) data were normalized by partici-
pant age, gender, race and batch number using a mixed
effect model. Participant metadata, including disease-free
and ov erall survi val, from 1087 participants in the TCGA-
BRCA study were collected from the TCGA data portal,
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s well as from 1505 participants in the METABRIC study. 
hort hairpin RN A (shRN A) dropout screens for cancer 
ell viability from 77 distinct mutational breast cancer cell 
ines were obtained from the study by Marcotte et al. ( 18 ) 
o determine gene oncogenicity. 

ene-level somatic mutational enrichment testing 

e tested the enrichment of soma tic muta tions in each gene 
sing a dN / dS algorithm that compares an estimate of the 
umber of nonsynonymous mutations in a gene with those 
bserved. This method is inspired by a study by Nik-Zainal 
t al. ( 3 ) on 560 breast cancers from the TCGA. We first
alculate the background rate of synonymous SNV muta- 
ions across the entire dataset by counting the number of 
ynonymous mutations against the number of possible syn- 
nymous muta tions tha t can be made gi v en the sequence 
f each gene. We considered different background rates for 
ach 3-mer context of the transition from the r efer ence to 

lternate allele (e.g. ‘ ACG’ → ‘ ATG’) to estimate 192 dif- 
erent background rates. We then calculate the background 

ynonymous muta tion ra te of the gene gi v en the number 
f synonymous sites in the gene by their context. We then 

djusted the background muta tion ra te to a gene-specific 
uta tion ra te by the number of synonymous mutations ob- 

erved in the gene if synonymous mutations were observed 

n the gene. 

xp ( syn mutations | gene X) 

= 

i= TTT , j= TGT ∑ 

i → j | gene X, i = AAA , j= ACA 

observed rate i→ j | genome synonymou

∗ possible i→ j | gene X synonymous , 

utation rate | gene X = 

observed mutations | gene X 

Exp ( syn mutations | gene X) . 

e then estimated the number of nonsynonymous SNV 

utations per gene. Using the synonymous mutation rate, 
e estimate the number of nonsynonymous mutations by 

utation type [missense , nonsense , splicing, start codon, 
 

′ untranslated region (UTR), 5 

′ UTR] per gene by mul- 
iplying the gene-le v el synonymous muta tion ra te by the 
ackground nonsynonymous mutation rate of each possible 
onsynonymous mutation across the gene gi v en its 3-mer 
onte xt. This gi v es us an estimated number of nonsynony- 
ous mutations for the particular gene gi v en its sequence. 

ince most nonsynonymous mutations are not dri v er mu- 
ations, this expected rate is a good estimate of the model 
nder no selection. Finally, we then use a negati v e bino- 
ial test to generate a probability of the observed number 

f nonsynonymous mutations in a gene, where p is equal to 

he estimated nonsynonymous mutation rate of a particular 
utation type, n is equal to the number of possible nonsyn- 

nymous mutations of that type multiplied by the number 
f samples and o is equal to the observed number of non- 
ynonymous mutations. 

Exp ( nonsyn mutations | gene X) 

= 

i= TTT , j= TGT ∑ 

i → j | gene X, i = AAA , j= ACA 

( Mutation rate | gene X) 

∗ observed rate i→ j | genome nonsyn ∗ possible i→ j | gene X nonsyn , 
P ( obs | e xpe xp | type ) 

= NegBinomialTest 
(

Exp ( nonsyn muts ) ∑ 

poss . nonsyn gene X 
, 

∑ 

poss . nonsyn gene X 

∗ sample size , Obs ( nonsyn muts ) 
)
, 

P ( obs | exp ) = 

∏ 

types 

P ( obs | e xpe xp | type ) . 

e also used a similar method to calculate enrichment of 
ndels in a particular gene in the BRCA dataset. We used 

ndel data across the entire TCGA dataset of all cancers to 

stimate a background rate of indels per base without con- 
idering context. We calcula ted separa te muta tion ra tes for 
n-fr ame, out-of-fr ame, splice site and UTR indels. We then 

stima ted indel ra tes per gene gi v en the number of possib le
oding, splice site and UTR bases, and compared them to 

he observed number per gene. This generated a separate in- 
el probability per gene, which we combined with the SNV 

robability. 

onstruction of gene co-expression and causal networks 

he RNASeqV2 data including the RSEM- and 

apSplice-deri v ed gene e xpression le v els from the 
CGA data base ( https://www.cancer.gov/a bout-nci/ 
rganization/ccg/r esear ch/structural-genomics/tcga ) wer e 
rst log-transfor med, nor malized with quantile nor mal- 

zation and additionally normalized using mixed model 
orrection for batch, tissue source , center, plate , race , 
ender and age, and then removal of genes with low 

nf ormation was perf ormed by dispersion. A total of 7526 

enes were included in the final normalized TCGA-BRCA 

ataset. 
Multiscale embedded gene co-e xpression networ k analy- 

is (MEGENA) was used to build gene co-expression net- 
orks from the RNA-seq data in the TCGA-BRCA, as 
escribed in ( 19 ), which constructs a scale-free planar fil- 
ered gene co-e xpression networ k from Pearson correla- 
ion coefficients that has a structure of network hubs and 

odes at multiple le v els. Bayesian causal gene expression 

etworks (BNs) were built from the normalized RNA-seq 

nd deposited e xpression quantitati v e trait locus (eQTL) 
ata across the same 844 tumors in the TCGA-BRCA, as 
escribed in ( 20 ), where eQTLs provide observ ed e vidence 

or directed causality for gene co-expression relationships 
een in the RNA-seq data. 

dentification of key gene network regulators 

e applied key dri v er analysis (KDA) ( 21 ) to the 
EGENA and BN networks generated from the gene ex- 

ression data in the TCGA-BRCA, as previously described 

n this cohort ( 19 ), to determine which genes were likely key 

ene network regulators and critical for the observed tran- 
criptomic changes between breast cancers and adjacent 
or mal samples. In summary, KDA perfor ms enrichment 
nal ysis of differentiall y expressed genes (DEGs) across ev- 
ry gene in a gi v en gene network by examining each gene’s 
 -hop neighbors, where N is the number of hops between a 

ene and its neighbors. 

https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga
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Cell culture 

MCF10A (ATCC CRL-10317 ™) cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) / F-
12 (CellGro) with 5% horse serum (Invitrogen), 20
ng / ml epidermal growth factor, 0.5 mg / ml hydro-
cortisone, 100 ng / ml cholera toxin, 10 �g / ml insulin
and 1 × penicillin / streptomycin. 293T and MCF7 cells
wer e cultur ed in DMEM 1 × with 10% fetal bovine serum
(FBS). T47D cells were maintained in 10% FBS RPMI. Cell
culture was performed at 37 

◦C in 5% CO 2 and passaged
using 0.25% trypsin / EDTA (Corning). 

siRNA transfection and chemical treatment 

For the MYCBP2 knockdown with siRNA, MCF10A cells
wer e tr eated with ON-TARGETplus MYCBP2 and non-
target control siRNA (Horizon Dharmacon) using Dhar-
maFECT 1 Transfection Reagent (catalog # T-2001-01).
Medium was changed after 5 h. After 48 h of siRNA treat-
ment, cisplatin (Cayman Chemical, catalog # 13119) was
added to the cell for 16 h before harvesting the cells for
apoptosis and cell cycle analysis assay. 

shRNA transfection and chemical treatment 

For the MYCBP2 knockdown with shRNA, 293T cells
were used to generate lentivirus containing shRNA for
scramb le or shMy cbp2. Briefly, 293T cells were seeded in
10-cm dishes and the following day were co-transfected
with the packaging vectors (VSV-G and psPAX2, Addgene
#12260) and either shMYCBP2 or shScramble. Medium
was changed after 16 h and viruses were collected and
filtered through a 0.45- �m filter at 48 and 72 h post-
transfection. MCF7 and T47D cells were infected for 24 h
and selected with puromycin. After selection was completed
and knockdown confirmed by western blotting, cells were
treated with rabusertib and dimethyl sulfoxide (DMSO)
control for 16 h. 

Immunoblotting 

Cells were lysed with a common RIPA buffer (25 mM Tris,
pH 7.5; 150 mM NaCl; 0.5% sodium deoxycholate; 1% Tri-
ton X-100; protease inhibitor) and fractionated by SDS-
PAGE gel, and then proteins were transferred to PVDF
membranes (Bio-Rad) and blocked at room temperature
for an hour with 5% non-fat milk in phosphate-buffered
saline (PBS). Primary antibody MYCBP2 (Abcam, cata-
log # 86078) and CHEK1 (Abcam, catalog # 40866) were
added at 1:1000 overnight. 

Cell cycle and apoptosis assays 

Cell cycle and apoptosis assays were performed on Muse ®

Cell Analyzer with Annexin V & Dead Cell Assay Kit (cat-
alog # MCH100105) and Cell Cycle Assay Kit (catalog #
MCH100106), according to the manufacturer’s recommen-
dation. Cells were harvested with trypsin, washed with PBS,
fixed with 70% ethanol for 3 h at −20 

◦C (only used for the
cell cycle assay), stained with individual dyes from kits and
analyzed with Muse ® Cell Analyzer. 
RNA isolation, cDNA synthesis and RT-qPCR 

Total RNA was isolated using the RNeasy Mini Kit (Qi-
agen, catalog # 74104). One to fiv e micrograms of total
RNA was re v erse transcribed using iScript ™ Re v erse Tran-
scription Supermix for re v erse transcription quantitati v e
polymerase chain reaction (RT-qPCR; Bio-Rad, catalog #
1708840). qPCR was performed using the GoTaq 

® qPCR
Master Mix (Promega) on the Stratagene Mx3005P Real-
Time PCR System (Agilent Technologies, Inc.). Gene ex-
pression specific primers used for this study were as follows:
GAPDH mRNA was assayed as loading control; MYCBP2
forward primer (5 

′ –3 

′ ) GGGGA CGGATTCTA CCCAG;
re v erse primer (5 

′ –3 

′ ) ATTGA GCGCA GCGGT AT AAAT;
CHEK1 forward primer (5 

′ –3 

′ ) A TA T GAAGCGT GC-
CGTAGACT; re v erse primer (5 

′ –3 

′ ) T GCCTAT GTCT G-
GCT CTATT CTG. 

Ethics appro v al and consent to participate 

All Institutional Re vie w Boar d guidelines were followed
with human or animal subjects’ data when applicable. 

RESULTS 

Somatic SNVs implicate MYCBP2 as a potential tumor sup-
pressor 

To identify novel mutational driver genes in breast can-
cer, we performed gene-le v el enrichment analysis of somatic
SNVs across all the samples in the TCGA-BRCA. These
breast cancers spanned multiple types, as shown in Supple-
mentary Table S1 listing receptor status. Using data from
993 out of 1087 breast cancers with soma tic muta tion call-
ing data available, we performed gene-level mutational en-
richment analysis of all somatic mutations as described in
the ‘Materials and Methods’ section and identified a total
of 101 genes significantly enriched for somatic mutations
[adjusted P -value < 0.05 after Benjamini–Hochberg (BH)
correction]; a list of all enriched genes identified is pro-
vided in Supplementary Table S2. We then performed sub-
sequent downstream filtering to identify novel genes with
the strongest evidence, as shown in Figure 1 ; a list of all
enriched genes with filtering annotations is gi v en in Supple-
mentary Table S3. Of these, 45 were in > 15 samples (1.5%),
a size sufficiently large for further analysis. From these 45
genes, 19 were previously identified as driver genes in public
data bases (Supplementary Ta bles S4–S6) and 13 in the liter-
ature by PubMed search (Supplementary Table S3), leaving
13 genes for further filtering. 

We further filtered these data by differential mRNA ex-
pression between breast cancer tumor samples and adja-
cent normal samples in the TCGA and METABRIC stud-
ies ( 17 ), leaving 11 genes for further analysis. We then calcu-
lated w hether m utations in a particular gene were associated
with a differential expression signature between mutation
carriers and noncarriers, using a false discovery rate (FDR)
of 10%, leaving two genes for additional anal ysis. Finall y, we
filtered by changes in disease-free survival between carriers
of a mutation in a gene and noncarriers using a Kaplan–
Meier survival model, using an FDR of 10%, leaving
only MYCBP2 . We additionally selected MYCBP2 for its
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Figure 1. Summary of evidence for MYCBP2 somatic mutational enrichment. ( A ) The analytic procedure for identifying MYCBP2 as a potential muta- 
tional dri v er. ( B ) Disease-free survi val with MYCBP2 mutations. 
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Table 1. Summary of changes in MYCBP2 in the TCGA-BRCA 

Test type MYCBP2P -value 

Mutational enrichment 4.22 × 10 −8 

SNVs 4.22 × 10 −8 

Nonsense 1.4 × 10 −3 

Missense 9.9 × 10 −3 

Intronic 3.1 × 10 −3 

Splice site 1 
Start-gain 1 
Start-loss 1 
Stop-loss 1 
UTR 1 
Indels 1 
DEG (downregulation) 8.3 × 10 −24 

Cox survival (w / expression change) 0.126 
Cox survival (w / mutation status) 7.4 × 10 −3 

Cell viability ( 16 ) Nonsignificant 

p
T
i
p

c
f
f
s  
otential importance to the mTOR signaling pathway and 

nown link to tumorigenesis. 
A list of the significant P -values of different filtering anal- 

ses for MYCBP2 is gi v en in Tab le 1 . In the coding region of
he dominant transcript expressed of MYCBP2 , we found 

ignificant enrichment of 28 point mutations in 28 sam- 
les (2.8%). Of these 28 total mutations, there were 19 mis- 
ense, 5 stop-gain and 3 silent present on the primary coding 

ranscript for MYCBP2 (listed in Supplementary Table S7). 
hree of 28 mutations were present in dbSNP previously 

rs745562250, rs150834693, rs770147270), while 25 were 
ot. Functionally among the missense mutations, 11 were 
redicted deleterious by SIFT ( W4210C , M3914T , L3910P , 
3716L , C3642W , L3477F , L3118V , D2640H , E2013K , 
1328N , V974I ), 6 were predicted functionally signifi- 

ant by MutPred2 ( W4210C , M3914T , L3910P , P3716L , 
3642W , E2013K ) and 2 wer e pr edicted likely damaging 

y PolyPhen ( I3077V , E2013K ) ( 22–24 ). All of the stop-
ain mutations are predicted to be deleterious. We also ob- 
erved tha t muta tions in MYCBP2 were significantly associ- 
ted with poor survival (Cox adjusted P -value = 7.4 × 10 

−3 , 
igure 1 B). Additionally, we observed a similar nonsignif- 

cant correlation between disease-free survival of TCGA 

articipants and MYCBP2 expression (Cox adjusted P - 
alue = 0.126, Supplementary Figure S2B). Finally, we ob- 
erved that MYCBP2 had a high burden of shallow deletion 

NVs in 416 samples (41.9%) and deep deletions in 9 sam- 
les (0.9%) from the putati v e GISTIC data provided by the 
CGA Consortium ( 25 ); howe v er, there was no difference 

n survi val observ ed (Cox adjusted P -value = 0.943, Sup- 
lementary Figure S2C). 
To valida te soma tic muta tion enrichment across other 

ancers, we performed an IntOGen database search 

or MYCBP2 , which re v ealed a variable mutation rate 
rom 0% to 11% across different cancer types ( 26 ), as 
hown in Table 2 . Search of COSMIC ( 27 ) re v ealed that
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Table 2. Muta tion ra tes of MYCBP2 across dif ferent cancer subtypes 
from IntOGen database 

Cancer type 
Mutated 
samples % Mutated 

Cutaneous melanoma 49 11 .11 
Lung squamous cell carcinoma 24 10 .34 
Bladder carcinoma 10 8 .16 
Stomach adenocarcinoma 14 5 .59 
Esophageal carcinoma 9 5 .48 
Head and neck squamous cell carcinoma 17 4 .27 
Uterine corpus endometrioid carcinoma 14 3 .91 
Lung adenocarcinoma 17 3 .84 
Br east car cinoma 24 1 .48 
Renal clear cell carcinoma 7 1 .44 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

division. 
MYCBP2 may be supported as a cancer-causing gene from
a large-scale mouse mutagenesis insertional experiment in
pancreatic cancer ( 28 ); howe v er, none of the mutations ob-
served in the 993 samples wer e pr esent in the database. A
DepMap search for MYCBP2 shows that the gene may be
an essential tumor suppressor in esophageal squamous cell
carcinoma by RNAi ( P -value: 5.3e −05, n = 22) ( 29 ). 

To explore the functional pathways in which MYCBP2
operates, we constructed MEGENA ( 19 ) from the TCGA
RNA-seq data in the TCGA. A number of gene co-
expression modules are significantly enriched for the per-
turba tion signa ture of MYCBP2 in the LINCS cohort. As
shown in Table 3 , the modules enriched for the genes co-
downregulated with MYCBP2 are associated with mitotic
cell cycle, while the modules enriched for the genes upreg-
ulated by the knockdown of MYCBP2 are associated with
nucleosome and chromatin assembly. 

Additionally, we looked at potential pathway genes from
a BN, shown in Figure 2 A, from the TCGA ER+ breast
cancer samples generated in a previous study to evaluate
whether or not MYCBP2 expression is related or causal to
genes also in the DN A repair, a poptosis and mitotic cell
cycle pathways. As shown in Figure 2 B of two-hop net-
work neighbors to MYCBP2 , many DNA damage repair
genes ar e pr esent, including the ERCC5 gene (r elated to
UV-mediated DNA damage gene implicated in xeroderma
pigmentosum) and the Cdc42 activator DOCK9 . 

As hinted by previous studies investigating MYCBP2 as
a potential DNA damage checkpoint pathway protein, we
investigated the association between MYCBP2 and DNA
damage checkpoint proteins ATM and ATR . As shown in
Figure 3 A, the mRNA expression profiles of ATM and
ATR are highly correlated with MYCBP2 , with r = 0.552
( P = 1.3e −68) and 0.328 ( P = 1.3e −22), respecti v ely, in the
T CGA br east cancer da taset, indica ting tha t MYCBP2 is
co-expressed with ATM and ATR in breast cancers. 

Association of MYCBP2 with CHEK1 

CHEK1 is often indicated as a potential dri v er gene for
many cancers ( 13 , 15 , 16 , 30 , 31 ). CHEK1 has been shown in
a large kinase proteomic screen ( 14 ) to phosphorylate MY-
CBP2 and target it for degradation. As MYCBP2 and ulti-
mately mTOR are its downstream targets, CHEK1 may be
an important gene for understanding tumorigenesis and for
de v eloping nov el drugs for breast cancer. In fact, CHEK1
inhibitors are already available, with some in clinical trials
for cancer ( 32 ). CHEK1 ’s role in mTOR pa thway d ysregu-
lation has yet to be investigated in cancer. 

Our analysis shows that CHEK1 is upregulated in breast
cancers compared to adjacent normal tissues, and CHEK1
expression is important in ER+ cell viability ( 18 ) and asso-
ciated with disease-free survival (Cox P -value = 2.38e −8)
( 33 ). Regarding its potential interaction with MYCBP2 as
a do wnstream tar get, we saw a significant negati v e linear
correlation between CHEK1 and MYCBP2 gene expres-
sion le v els (Spearman r = −0.234, P = 6.8 × 10 

−12 ), as
shown in Figure 3 A. We also saw a strong negati v e cor-
relation between CHEK1 and TSC2 protein le v els (Spear-
man r = −0.298, P = 2.0e −19) but also a moderate neg-
ati v e correlation between CHEK1 and ATM protein lev-
els (Spearman r = −0.200, P = 2.5e −9), gi v en in Figure
3 B. Gi v en that the inv erse correlation between TSC2 and
mTOR is widely accepted, it is imperati v e that CHEK1 ’s
global effect on the pathway be better elucidated and
the role of MYCBP2 as a mediator of this effect better
understood. 

MYCBP2 knockdown makes cells more resistant to apoptosis
when exposed to cisplatin 

To evaluate the significance of MYCBP2 loss of function,
such as caused by mutations, we performed in vitro apopto-
sis measurements on MCF10A cells before and after MY-
CBP2 knockdown with siRNA. Furthermore, since MY-
CBP2 is important in the DNA damage response, we also
compared the le v el of apoptosis after cisplatin treatment,
which induces DNA damage and cellular stress in a wide
variety of cells. Both RT-qPCR and western blot were per-
formed to confirm the MYCBP2 knockdown efficiency at
RNA and protein le v els. 

As shown in Figure 4 A and B, qPCR and western blot of
MYCBP2 after siRNA knockdown show that the expres-
sion le v el is significantly reduced to 33.7% and protein le v el
to 57% of the nontransfected (NT) cells. Follow-up apopto-
sis assay (Figure 4 C and D) by flow cytometry of the knock-
down exposed to cisplatin-induced DNA damage compared
to transfected controls with mock siRNA showed a large in-
crease in the proportion of li v e cells and a decrease in apop-
totic cells ( P -value = 0.0262), which indicates that loss of
MYCBP2 protects the cell from apoptosis upon cisplatin-
induced stress. In a separate experiment in both MCF10A
and MCF7 cells, we did not observ e this protecti v e effect of
MYCBP2 knockdown when exposed to small quantities of
DMSO (which does not bind double-stranded DNA) alone
(Supplementary Figur e S3). Furthermor e, we performed a
cell cycle assay (Figure 4 E) of cells transfected with either
siRNA against MYCBP2 or mock controls in the presence
of cisplatin, which showed that cells after knockdown ex-
hibit a faster transition through cell division, with a larger
proportion of cells in G0 / G1 than S, G2 or M (one-way
ANOVA P -value = 1.535 × 10 

−8 ). Furthermore, of cells
under going replication, knockdo wn led to lar ger decreases
in the S phase fraction than G2 and M. Ther efor e , MY -
CBP2 loss of function leads to increased tumorgenicity
in the presence of induced cell stress by deregulating cell



NAR Cancer, 2023, Vol. 5, No. 3 7 

Table 3. Significant MEGENA modules differentially expressed by MYCBP2 perturbation from the LINCS 

Module Direction Top GO terms of module Module size Overlap Fold change FET P -value 
FET P -value 

corr. 

M352 Down Mitotic cell cycle 436 115 −2.06 8.55e −15 4.57e −12 
M104 Down Mitotic cell cycle 1482 285 −1.50 1.48e −13 7.90e −11 
M351 Down Mitotic cell cycle 231 59 −2.00 9.94e −08 5.31e −05 
M108 Up Nucleosome assembly, chromatin 

assembly 
56 24 +3.06 1.31e −07 7.00e −05 

M693 Up Muscle contraction, actin–myosin 
filament sliding 

35 18 +3.68 1.65e −07 8.81e −05 

M149 Down Antigen processing of MHC Class I 62 23 −2.90 1.01e −06 5.39e −04 
M12 Down Immune response, IFN I 283 63 −1.74 6.16e −06 3.29e −03 
M705 Down Mitotic cell cycle 158 40 −1.98 1.35e −05 7.21e −03 
M114 Down Respiratory electron transport chain 243 55 −1.77 1.41e −05 7.53e −03 
M259 Down RNA processing and biosynthesis 76 24 −2.47 1.51e −05 8.06e −03 

BA

Figure 2. Gene co-expression analysis of MYCBP2 and related genes in the T CGA br east cancer samples. ( A ) MYCBP2 perturba tion signa ture is enriched 
in the MYCBP2 centered BN constructed from the TCGA-BRCA samples. ( B ) BN subnetwork around MYCBP2. Pink and blue colors in the figure indicate 
downregulation and upregulation, respecti v ely, of the gene in perturbed samples compared to baseline. 
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NA-seq of MCF10A cells after MYCBP2 knockdown and 

isplatin treatment shows key disease pathway changes 

e performed bulk whole transcriptome RNA-seq on 

CF10A cells before and after MYCBP2 siRNA knock- 
own, both with and without cisplatin exposure. First, as 
hown in Figure 5 A and B, we confirm that MYCBP2 is 
ownregulated by siRNA inhibition at the transcriptional 

e v el [ −46.8%, log fold change (FC): −0.912, limma ad- 
usted P -value (BH): 2.3 × 10 

−4 ] as well as in response to cis-
la tin trea tment alone ( −51.5%, log FC: −1.044, adjusted 

 -value: 6.8 × 10 

−5 ), in line with the results from the qPCR 

nd western blot experiments. 
To determine whether cisplatin is acting on MYCBP2 

r on other genes in the pathway, we show that the up- 
tream genes including ATR and CHEK1 are not downreg- 
lated in the presence of cisplatin compared to no treat- 
ent ( ATR adjusted P -value: 0.15; CHEK1 adjusted P - 

alue: 0.59), e v en in the presence of si MYCBP2 ( ATR ad-
usted P -value: 0.48, CHEK1 adjusted P -value: 0.14), sug- 
esting that the upstream genes from MYCBP2 are not re- 
ponsi v e to cisplatin exposur e. Inter estingly, two upstr eam 

enes ATR (adjusted P -value: 0.035) and CHEK1 (adjusted 
 -value: 6.0 × 10 

−4 ) ar e downr egulated in the pr esence of
i MYCBP2 compared to mock, suggesting a potential feed- 
ack mechanism with MYCBP2 . 
Ne v ertheless, we observ e downregulation of MYCBP2 

hen cells were exposed to cisplatin alone [ −27.1%, log FC: 
0.456, limma adjusted P -value (BH): 0.018], and addi- 

ional lowering of MYCBP2 le v el with cisplatin plus siRNA 

r eatment when compar ed to siRN A alone ( −33.4%, lo g 

C: −0.587, adjusted P -value: 5.3 × 10 

−3 ), suggesting that 
YCBP2 is a responsi v e gene to cisplatin exposure in this 

a thway. Furthermore, we show tha t, in line with MY- 
BP2 ’s predicted E3 ligase inhibitory activity, the down- 

tream apoptosis genes that would usually be downregu- 
ated with high MYCBP2 expression are significantly up- 
egulated in the presence of inhibitory MYCBP2 siRNA, in- 
luding pro-survival CFLAR ( adjusted P -value: 0.024) and 

eath receptor TRAIL ( TNFSF10 adjusted P -value: 7.75 ×
0 

−4 ). Additionally, the downstream genes from MYCBP2 

n the cell growth pathway are also significantly upregulated 

n the presence of MYCBP2 siRNA such as TSC1 (adjusted 

 -value: 1.46 × 10 

−4 ) and TSC2 (adjusted P -value: 7.57 

10 

−4 ). Critically, the downstream cell cycle genes show 
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Figure 3. Sca tterplot ma trix of gene co-expression between MYCBP2, A TM, A TR, CHEK1, MTOR, TSC1 and TSC2 among the TCGA-BRCA samples. 
Spearman correlation coefficients for gene pairs are gi v en in the upper right corner of the plots as annotated. Colored points indicate that the underlying 
Spearman correlation is statistically significant ( P -value < 0.05), while gray points indica te tha t there is no correlation ( P -value > 0.05). The distribution 
of gene expression values for each gene is given on the diagonal by their kernel density estimation. ( A ) Gene co-expression by RNA-seq. ( B ) Protein 
co-expression by liquid chromato gra phy–mass spectrometry, where protein expression was averaged across isoforms of each gene. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

additional upregulation when exposed to both cisplatin and
MYCBP2 siRNA ( TSC1 adjusted P -value: 0.025, TSC2 ad-
justed P -value: 0.028) but not with cisplatin alone ( TSC1
adjusted P -value: 0.052, TSC2 adjusted P -value: 0.641).
Ther efor e, MYCBP2 inhibition can d ysregula te important
genes in the DNA damage, cell cycle and cell growth path-
way, while cispla tin’s ef fects on MYCBP2 activity may also
modulate the downstream genes in this pathway. 

We also looked at other important apoptosis pathway
genes such as direct activators B AX , B AK1 , caspases
( CASP3 , CASP6 , CASP7 , CASP8 , CASP9 ), cytochrome
c ( CYCS ), APAF1 , AIFM1 , ENDOG , pro-apoptotic
BMF , BAD , BIM ( BCL2L11 ), BID , PUMA ( BBC3 ),
HRK , and apoptosis inhibitors BCL2A1 , MCL1 and BCL-
xl ( BCL2L1 ) to measure the degree of MYCBP2 siRNA
knockdown effects on pathway regulation. As shown in
Supplementary Figure S1, we saw significant upregulation
of pro-apoptotic genes BMF , BIM , PUMA and HRK ,
and significant downregulation of anti-apoptotic genes
BCL2L1 and MCL1 as well as the pro-apoptotic gene
BID in the presence of MYCBP2 siRNA compared to
controls (adjusted P -value < 0.05). On the other hand,
the direct activators AIFM1 and APAF1 are both sig-
nificantly downregulated in the siRNA plus cisplatin
treated group compared to siRNA alone, consistent with
the decreased rate of apoptosis we observed, while the
e xpression le v els of other direct acti vators, including the
caspases, are not changed. Gi v en that apoptosis decreases
in the siRNA knockdown group, it is likely that many
apoptosis regulatory genes are upstream of the effects of
MY CBP2 , suggesting that MY CBP2 is a key intermediate
r egulator between r egulation and its end effects in DNA
damage-mediated apoptosis. 

We also looked at important immunomodulatory genes,
such as interleukins and important cell surface receptors in
cancer, to see whether MYCBP2 siRNA knockdown may
dri v e changes commonly seen in drug resistance or immune
invasion. As expected, knockdown did not lead to a change
in expression in estrogen receptor, HER2 receptor or pro-
gesterone receptor, suggesting that receptor status also does
not change. Howe v er, we saw significant downregulation
of pro-inflammatory macrophage-related interleukins IL1A
and IL1B , and pro-inflammatory NK-cell activator IL33 ,
as well as upregulation of IL6R . Taken together, these cy-
tokine changes may facilitate immune ev asion b y breast
cancer and serve as novel biomarkers for cancers trans-
formed by MYCBP2 deactivation. In addition, other exist-
ing biomarkers, such as CA9 , are nearly absent in MYCBP2
knockdown cells exposed to cisplatin, while other biomark-
ers CXCR4 and CLU are significantly upregulated. 

Finally, we looked at other E3 ubiquitin ligases that
were significantly differentially expressed in MYCBP2
knockdown cells. Mitogen-activated protein triple kinase
1 ( MAP3K1 ) is a Ser / Thr kinase with E3 ligase activity
that has been shown to be acti v e in ERK, JNK and NF-
�B pathways. Additionall y, loss-of-function m utations in
the gene have been previously associated with sensitivity to
MEK inhibitors in multiple cancer models ( 34 ). We show
that MAP3K1 is significantly upregulated with MYCBP2
knockdown (adjusted P -value = 1.6 × 10 

−3 ), potentially
leading to another resistance mechanism in breast cancers
with loss-of-function MYCBP2 mutations. 
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Figure 4. MYCBP2 siRNA inhibition in MCF10A cells exposed to cisplatin. ( A ) Western blot and protein quantification of MYCBP2 and CHEK1 in NT 

cells, mock transfected cells and two different siRNAs against MYCBP2 (see the ‘Materials and Methods’ section) after 4 or 7 days of cisplatin exposure. ( B ) 
RT-qPCR quantification of MYCBP2 e xpression le v el after 4 days of cisplatin exposure. ( C , D ) Apoptosis assay by flow cytometry of NT, mock transfected 
and siMYCBP2-(5,6) groups after 4 days of cisplatin exposure. ( E ) Cell cycle assay by flow cytometry of NT, mock transfected and siMYCBP2-(5,6) groups 
of MCF10A cells after 4 days of cisplatin exposure. 
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pre viously pub lished literature ( 6 , 12 , 29–31 ). ( B ) Gene expression in NT and siMYCBP2-6 exposed cells with and without cisplatin exposure of MYCBP2, 
proposed upstream genes, downstream genes and apoptosis-related genes. 
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Figure 6. MYCBP2 shRNA knockdown in MCF7, MCF10A and T47D cell lines reduces caspase cleavage and is modulated by CHEK1 inhibition. Cell 
lines grown in DMSO-containing media, as described in the ‘Materials and Methods’ section, were exposed to no treatment, MYCBP2-targeting shRNA 

(pLV[shRNA]-EGFP:T2A:Puro-U6 > hMYCBP2), rabusterib (4 �M solution) or a combination of both. Lines in panels ( A )–( C ) were exposed for 24 h to 
the mentioned conditions before western blot was performed; lines in panel ( D ) were exposed for 48 h. 

M
T
b

W
i
C
i
l
b
M
i
g
t  

T
a
a
e

d
p  

d
M
M
s
n

c
k

s
i
a
c
k
6
d
s
i
F

s
d
C
p
M
F
t  

e
T
h
d

YCBP2 shRNA knockdown in MCF7, MCF10A and 

47D cell lines reduces caspase cleavage and is modulated 

y CHEK1 inhibition 

e performed se v eral western blot experiments, as shown 

n Figure 6 , in cancer cell lines to determine whether MY- 
BP2 knockdown affects molecular markers of apoptosis 

n the presence or absence of cell cycle checkpoint modu- 
ating agents. We exposed three estrogen receptor-positi v e 
reast cancer cell lines (MCF10A, MCF7 and T47D) to 

YCBP2 knockdown shRNA both in the presence and 

n the absence of rabusterib (LY2603618), a known tar- 
eted CHEK1 inhibitor drug that has been shown to inac- 
ivate the G2 / M DNA damage mitotic checkpoint ( 35 , 36 ).
he effect of p53 mutations ( 37 ) on MYCBP2 activity was 
lso investigated between the choice of T47D (p53 mutant) 
nd MCF7 [p53 wild-type (WT)] cancer cell lines in the 
xperiment. 

All three cell lines exposed to MYCBP2 shRNA showed 

ecreased MYCBP2 protein le v els on western b lot com- 
ared to controls, as shown in Figure 6 ; howe v er, knock-
own did not result in complete silencing in MCF10A and 

CF7 cell lines. In addition, longer duration exposure to 

YCBP2 shRNA results in reduced MYCBP2 le v els, as 
hown in Figure 6 D. In general, T47D cells (p53mut) had 

ear-complete silencing of MYCBP2 compared to MCF7 
ells (p53 WT), which was further reduced in shRNA 

nockdown cells, as shown in Figure 6 C. 
Downstream apoptosis activity was examined by mea- 

uring le v els of caspase-3 cleavage, a necessary step in the 
ntrinsic mitochondria-dri v en apoptosis pathway, as well 
s PARP cleavage and BCL-xl caspase le v els. Caspase-3 

leavage was reduced proportionally to MYCBP2 shRNA 

nockdown in all three cell lines, as shown in Figure 
 A–C, suggesting that caspase-3-dri v en apoptosis is re- 
uced with lower MYCBP2 expression. We did not ob- 
erve similar reductions in PARP cleavage or BCL-xl 
n MCF7 cells with MYCBP2 knockdo wn, as sho wn in 

igure 6 A. 
In line with previous studies that show CHEK1 is neces- 

ary for MYCBP2 phosphorylation and subsequent degra- 
ation, exposure of cell lines to rabusterib increases MY- 
BP2 le v els in MCF7, MCF10A and T47D cell lines. Sur- 
risingly, rabusterib increased caspase-3 cleavage in both 

YCBP2 knockdown cells and controls at 24 h, as shown in 

igure 6 A–C, suggesting increasing apoptotic activity with 

he drug; howe v er, le v els of caspase-3 wer e r educed in cells
xposed to shRNA and drug compared to the drug alone. 
he effects of rabusterib inhibition on caspase-3 cleavage, 
owe v er, were less significant with longer exposure to the 
rug, as shown in Figure 6 D. 
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DISCUSSION 

Based upon our current findings and from previous studies
( 5 , 14 , 37–39 ), we devised a comprehensive analysis for how
MYCBP2 (Figure 5 A) corresponds with the DNA dam-
age response leading to activation of ATM / ATR / CHEK1 ,
to r egulate MYCBP2 , ther eby altering cellular growth and
pr oliferation thr ough TSC and mTOR complex genes. Us-
ing our analyses to determine the critical nodes within a
larger network for human breast cancers, we identify MY-
CBP2 to be upstream of pro-apoptotic signaling molecules
c-FLIP and TRAIL. Through our detailed transcriptome
analysis from RNA-seq, we demonstrated that downstream
expression changes in TSC , mTOR , c-FLIP and TRAIL
correspond with the proposed activity of MYCBP2 mu-
tations as well as the knockdown signature in the pro-
posed pathwa y. Theref ore, observed changes in cell cycle
and apoptotic activity are likely the result of MYCBP2
knockdown through these effector pathways. 

Due to its predicted upstream activity, we hypothesize
that gain of CHEK1 activity can lower MYCBP2 levels
in breast cancer cells. This prospect could be supported,
w hereby m utations in MYCBP2 may disrupt CHEK1 bind-
ing or eliminate the CHEK1 substrate residues, inhibit-
ing its phosphorylation by CHEK1 and further pre v enting
degrada tion. Alterna ti v ely, ne w mutations may introduce
new CHEK1 binding sites into MYCBP2 or stabilize the in-
teraction between MYCBP2 and CHEK1 and accelerate its
degradation. Further r esear ch will elucidate the role of these
mutations in binding interactions and activity of these two
proteins in the DNA damage response. 

CONCLUSION 

In this study, we have demonstrated the significant enrich-
ment of somatic mutations within MYCBP2 across breast
and other cancers using the TCGA cohort. We have shown
tha t these muta tions correspond with worse clinical out-
comes, such as disease-free survival, as well as a distinct
gene expression signature in the TCGA. Using in vitro ex-
periments in the MCF10A cells, regarded as non-oncogenic
human breast epithelial cells, we showed that loss of MY-
CBP2 activity increased tumorgenicity by modulating cell
cycle arrest leading to reduced apoptosis after DNA dam-
age or cellular stress. After MYCBP2 knockdown, these
cells showed a gr eater r esilience to cisplatin-induced apop-
tosis, which could explain some of the weaker clinical out-
comes observed from our assessment from the TCGA. MY-
CBP2 is likely a key regulatory gene modulating cell death
in multiple cancer types. After MYCBP2 transcript knock-
down, our transcriptome analysis showed that direct apop-
tosis activator genes such as AIFM1 and APAF1 are down-
regulated promoting survival of cancer cells, despite up-
stream pro-apoptotic signatures in BAD , BIM , BCL2 and
others. Furthermore, loss of MYCBP2 activity may modu-
late cell growth by changing cell cycle activity. Here, we pro-
vide strong evidence for the important role of the E3 ligase
MYCBP2 to function in the appropriate response to DNA
damage leading to apoptotic cell death, especially along the
CHEK1 pathway. Loss of MYCBP2 function can ther efor e
lead to drug resistance and further breast tumor growth
and the correspondence to the clinical relationship we
re v ealed. 
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