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Breast cancer is a heterogeneous disease. Around 70% of breast cancers are estrogen receptor-positive (ER+ve), with
tamoxifen being most commonly used as an adjuvant treatment to prevent recurrence and metastasis. However, half of
the patients will eventually develop tamoxifen resistance. The overexpression of c-MYC can drive the development of
ER+ve breast cancer and confer tamoxifen resistance through multiple pathways. One key mechanism is to enhance
ribosome biogenesis, synthesising mature ribosomes. The over-production of ribosomes sustains the demand for proteins
necessary to maintain a high cell proliferation rate and combat apoptosis induced by therapeutic agents. c-MYC
overexpression can induce the expression of elF4AE that favours the translation of structured mRNA to produce oncogenic
factors that promote cell proliferation and confer tamoxifen resistance. Either non-phosphorylated or phosphorylated
elF4E can mediate such an effect. Since ribosomes play an essential role in c-MYC-mediated cancer development,
suppressing ribosome biogenesis may help reduce aggressiveness and reverse tamoxifen resistance in breast cancer.
CX-5461, CX-3543 and haemanthamine have been shown to repress ribosome biogenesis. Using these chemicals might
help reverse tamoxifen resistance in ER+ve breast cancer, provided that c-MYC-mediated ribosome biogenesis is the
crucial factor for tamoxifen resistance.
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| 1. Introduction

Breast cancer is the most common female malignancy and the second most common cause of cancer death in women.
According to the World Health Organization (WHO) (https://www.who.int/news-room/fact-sheets/detail/breast-cancer;

assessed on 12 January 2022), 2.3 million women were diagnosed with breast cancer in 2020, with up to 685,000 deaths
reported globally. As of the end of 2020, 7.8 million women had been diagnosed with breast cancer in the past five years,
making it the world’s most prevalent cancer i,

The expression of estrogen receptor-a (ER), progesterone receptor (PR), and HER2 are important determinants for
treatment and management, with about 70% of breast cancers being ER-positive (ER+ve). ER signalling is the main
driving factor for cancer development in ER+ve breast cancer. ER is a ligand-dependent transcription factor. Upon
estrogen binding, ER will bind to the responsive element in the target gene promoter, thus regulating the expression of
target genes to promote cancer development 2. This is regarded as the genomic pathway. In addition, ER can participate
in the non-genomic pathway, causing the stimulation of the SRC kinase, mitogen-activated protein kinase (MAPK),
phosphatidylinositol 3-kinase (PI3K), and protein kinase C pathways in the cytosol [&l. Subsequently, Protein kinase B
(AKT) and extracellular signal-regulated kinase (ERK) will be activated, and the activation of these kinases can contribute
to tumour development . The established endocrine therapies, namely the selective ER modulators (SERMs) such as
tamoxifen, the selective ER down-regulators (SERDs) such as fulvestrant, and aromatase inhibitors (Als) such as
letrozole and anastrozole, have become first-line adjuvant treatments for ER+ve breast cancer. All of them can effectively
reduce the rate of breast cancer mortality.

Tamoxifen is the most commonly used adjuvant endocrine therapy. Tamoxifen directly competes with estrogen for binding
to ER. In contrast to estrogen, the tamoxifen-receptor complex recruits co-repressors, rather than co-activators, to the
promoter regions of estrogen-responsive genes. This blocks their transcription, thus suppressing genomic signalling
mediated by ER . Due to the effective antagonism of tamoxifen, it has been shown that tamoxifen can reduce the
recurrence rate by around 40% and the mortality rate by around 30% in ER+ve breast cancer patients 8. However, about
50% of patients who receive tamoxifen will suffer eventual recurrence. Recurrence may be due to de novo or acquired
resistance to tamoxifen . Thus, resistance presents huge clinical challenges. The dominant mechanism for de novo
resistance is lack of ER expression &, with epigenetic changes in the ER gene contributing in part to this. Alteration in



signalling cascades, such as cross-talk between ER and EGFR signalling [ is an essential mechanism for developing
acquired resistance. Alternative splicing (AS), which generates distinct mRNA isoforms from a single gene, also plays an
essential role in cancer development and response to treatment 19, An ER splice variant, ERa36, has been shown to
activate ERK1/2 signalling to counter the effect of tamoxifen . A novel splice variant of NCOR2, BQ323636.1, was
found to confer tamoxifen resistance by mediating the activation of ligand-independent ER signalling 22, Although the
complete molecular mechanism for endocrine resistance remains to be unraveled, emerging data suggest that c-MYC
overexpression may contribute to acquired resistance in ER+ve breast cancers.

| 2. c-MYC in ER+ve Breast Cancer

c-MYC is a transcription factor. It can regulate the expression of genes, controlling the growth and proliferation of cells. It
also plays a significant role in enabling tumours to escape immunosurveillance through decreased MHCI expression or
upregulation of inhibitory cytokines and immune checkpoint proteins such as PD-L1 and CD47. These provide a
compelling rationale for combining c-MYC inhibition with an immune checkpoint blockade 23, c-MYC inhibition has been
demonstrated to cause sustained tumour regression through the promotion of proliferative arrest, differentiation, apoptosis
and cellular senescence in cancer cells 1415l Together, these data suggest that targeting c-MYC can be exploited as a
clinically meaningful therapeutic strategy, making c-MYC one of the most enticing targets for cancer drug development.

c-MYC was discovered almost 40 years ago as the cellular homolog of v-Myc, a viral oncogene derived from an avian
myelocytomatosis virus that caused leukaemia and sarcoma in chicken 18 Two additional human paralogs were
eventually identified: MYCN (N-Myc) and MYCL (L-Myc) that can be found in neuroblastoma and lung cancer samples,
respectively 2. The c-MYC protein contains an N-terminal transcriptional regulatory domain, conserved Myc Boxes (MB)
I and Il, Il and IV, followed by a nuclear localisation sequence (Figure 1a). The C-terminus comprises an essential HLH-
Zip domain, which interacts with MYC-associated factor X (MAX) to form a dimer that binds DNA and mediates many of its
functions (8. The heterodimer binds to DNA through the binding motif (5-CAC GTG-3') termed E-box 1. Genome-wide
localisation analyses and gene expression profiling have revealed that MYC binds to and potentially regulates the
transcription of at least 15% of the genome 2921 The N-terminal domain has been documented to recruit transcription
factors, such as TRRAP, KAT2A, SP1, etc., to form functional transcription complexes to induce the expression of genes
(Figure 1b) 22 Besides activating transcription, c-MYC has been shown to repress transcription by interacting with MIZ1,
resulting in the formation of a complex that can recruit DNA methyltransferase 3a (DNMT3a) 23, In this manner, c-MYC

can repress MIZ1 target genes; some of which belong to cell cycle inhibitors such as CDKN1A (p21) and CDKN2B
(INK4B) [231124],
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Figure 1. Structure and function of c-MYC. (a) The protein structural and functional domains on MYC. (b) The molecular
mechanism through which c-MYC activates gene expression. c-MYC first dimerises with MAX through the HLH-Zip
domain. Next, the dimer binds to DNA via E-box sequence (5'CAC GTG-3). MB domains on c-MYC recruit other
transcription activation factors such as TRRAP and KAT2A to relieve the complex structure of chromatin. Subsequently,
the transcription factor, e.g., SP1, can bind to the promoter sequence and recruit DNA polymerase Il to initiate
transcription.

c-MYC is documented to be one of the most up-regulated oncogenes in different types of cancers [2328] ¢c-MYC alteration
has been reported in 9.92% of breast carcinoma patients [24. Overexpression of c-MYC has been documented in 30-50%
of the poor prognostic cases [28l2ABAB1IS2] From the TCGA database (MSK [B3)), of 1907 breast cancer cases, there
were 1620 that were ER+, 262 that were ER-ve, with 25 of unknown status. Of these 1620 ER+ve breast cancers,
amplification of the c-MYC copy number was detected in 7.7% of ER+ve cases (125/1620). Most notable among the c-



MYC target genes is the cyclin-dependent kinase CDK4 24l Up-regulation of CDK4 is a promoting factor in facilitating cell
proliferation. c-MYC is an essential regulator of glutamine and glucose metabolism B2 and appears to affect a broad
spectrum of genes that coordinate energy metabolism and biomass accumulation in preparation for DNA replication and
cell division in breast cancer.

c-MYC has also been reported to induce the expression of HOXB7, which is a co-factor of ER, to favour the transcriptional
activity of ER 28, c-MYC can suppress the expression of miR-196a, which is an miRNA that represses the expression of
HOXB7 [2€l. Thus, c-MYC can enhance the activity of ER. Moreover, HOXB7 has been shown to induce the expression of
EGFR and its ligands B2, This suggests that overexpression of c-MYC in breast cancer can activate EGFR signalling.
Activation of EGFR signalling can favour tumour progression and the development of tamoxifen resistance B8l Clinical
studies suggest that ER+ve breast cancer patients with overexpression of EGFR have poor survival outcomes and are
less likely to benefit from tamoxifen B2, These findings support the hypothesis that the overexpression of c-MYC will
favour the development of breast cancer.

c-MYC can regulate epithelial-to-mesenchymal transition (EMT) necessary for cellular invasion and migration, and thus
metastasis. Studies report that c-MYC promotes TGFp-mediated activation of the SNAIL transcription factor, both directly
and indirectly, through a microRNA network involving a LIN28B/let-7/HMGA?2 cascade to facilitate metastasis 4941 ¢-
MYC can also regulate cell-cell and cell-matrix interactions through transcriptional activation of LGALS1, which is a -
galactosidase binding protein that promotes cell migration and invasion 4243l |t has been reported that c-MYC also
functions with SKP2 to recruit MIZ1 and p300 into a transcriptional complex which activates RhoA, which is necessary for
migration, invasion, and metastasis 24, These studies highlight the importance of c-MYC in breast cancer metastasis.

c-MYC is an estrogen-responsive gene . The overexpression of c-MYC is implicated in resistance to endocrine therapy
in ER+ve breast cancer 3481471 Cjinjcal studies have demonstrated that the overexpression of c-MYC could be
predictive of shorter time-to-recurrence following the adjuvant tamoxifen 4. c-MYC can regulate the expression of
survivin (BIRC5), which is a member of the inhibitor of apoptosis protein (IAP) family, playing an essential role in
tumorigenesis 4811481 Tamoxifen eradicates ER+ve breast cancer cells by inducing apoptosis to prevent local recurrence
and distance metastasis 2. Overexpression of c-MYC leads to the up-regulation of anti-apoptotic proteins in cancer cells.

Therefore, it is not surprising that overexpression of c-MYC can compromise the effect of tamoxifen.

| 3. The Role of c-MYC on Ribosome Biogenesis

c-MYC can regulate various cellular metabolisms, including glucose and glutamine, which are essential for generating
enough energy and intermediates of macromolecules to support the high rate of cancer cell proliferation BY. In addition, c-
MYC has been shown to be involved in ribosome biogenesis, which is a process to produce ribosomes 2258l Ribosomes
are responsible for translating information contained in mMRNAs into functional proteins. It is the ultimate step in the
genetic program of translation 4. The eukaryotic 80S ribosome consists of a small 40S subunit and a large 60S subunit.
The 40S subunit is comprised of the 18S ribosomal RNA (rRNA) and 33 different ribosomal proteins, whereas the 60S
subunit consists of 25S, 5.8S, and 5S rRNA and 47 ribosomal-proteins B4l The hyper-activation of ribosome biogenesis
initiated by oncogenes or the loss of tumour suppressor genes has a critical effect on cancer initiation and progression 52!,
To control ribosome biogenesis, mammalian cells have developed tumour suppressor-based surveillance mechanisms,
such as TP53, that can regulate cell proliferation in the event of uncontrolled ribosome production B8, TP53 can inhibit the
RNA pol | transcription machinery to block rRNA synthesis in order to maintain genomic and cellular homeostasis 7. c-
MYC has been shown to repress TP53 by c-Myc-Inducible Long non-coding RNA Inactivating P53 (MILIP) that promotes
p53 poly-ubiquitination and degradation by reducing p53 SUMOylation through suppressing tripartite-motif family-like 2
(TRIML2) B8], |n this manner, c-MYC can counteract the tumour suppressive role of TP53 by reducing its availability. Thus,
c-MYC removes the brake for rRNA transcription to enhance ribosome biogenesis. Enhanced ribosome biogenesis is
necessary to sustain increased protein synthesis and a high proliferation rate in cancer cells. The overexpression of c-
MYC can meet these requirements. Recent studies have demonstrated that drugs that inhibit ribosome biogenesis or that
target c-MYC might offer a viable therapeutic approach for cancer treatment 29,

c-MYC has been reported to enhance ribosome biogenesis by various mechanisms (Table 1). First, c-MYC increases the
transcription of many ribosomal proteins, translation initiation factors and elongation factors through RNA polymerase I
[6I6162] - Syppression of c-MYC expression in a mouse model of osteosarcoma has been shown to reduce the
expression of many ribosomal protein genes [62]. In addition, c-MYC can coordinate the transcription of genes that encode
proteins required to process rRNA precursors that contribute to ribosome assembly and the nucleocytoplasmic transport
of mature ribosomal subunits [B264165] ¢_MYC can enhance the expression of nucleophosmin, (NPM1) which is a crucial
factor in ribosome biogenesis €81, NPM1 is involved in multiple steps of ribosome hiogenesis, including rRNA processing,



ribosomal protein stability and the transport of ribosomal subunits into the cytoplasm EZ4E8l Furthermore, c-MYC can up-
regulate the expression of TRRAP, which is part of a histone acetyltransferase complex. The complex can increase the
acetylation of histones H3 and H4 in the ribosomal DNA (rDNA,; the gene encode for rRNA) promoter region to favour the
transcription of pre-ribosomal RNA [2lZ0 Therefore, overexpression of c-MYC can enhance the production of raw
materials and essential factors necessary for ribosome biogenesis (Figure 2). The enhanced ribosome biogenesis
sustains the high demand of cancer cells for proteins and other building blocks.
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Figure 2. Schematic diagram to illustrate the role of c-MYC in promoting ribosome biogenesis. C-MYC favours the
expression of ribosomal proteins, other factors necessary for rRNA processing and ribosomal RNA (rRNA). The ribosomal
proteins and other factors help process immature rRNA to mature rRNA. Mature rRNA complexes with ribosomal proteins
to form 40S ribosome and 60S ribosome subunits. Finally, an 80S mature ribosome is generated. This complex process is
called ribosome biogenesis. The diagram is simplified for illustrating the concept only.

Table 1. Factors that are up-regulated by c-MYC to favour ribosome biogenesis.

Functional Roles Candidate Proteins References
Structural proteins of ribosomes RPL3, RPL6, RPL23, RPL35, RPL44, RPS3 [61]
RPS19, RPS17, RPS11, RPS24 [60]
RPL24, RPS11, RPS21, RPS25, RPL10a, RPS24, RPL6, RPL36a, RPS27, [63]
RPL3, RPS5
RPL5, RPL11 [71]
Efg:;;ilt: gfac"itate TRNA Fibrillarin (FBL) l60]
Nucleolin (NCL) [61]
Nucleophosmin (NPM1) [66]
rDNA transcription TRRAP [69]

On the other hand, the depletion of c-MYC has been shown to diminish ribosome production in colon cancer 4.
Knockdown of c-MYC could reduce the expression of ribosomal protein L5 (RPL5) and L11 (RPL11) A Studies have
demonstrated that ribosomal proteins are stabilised by their interaction with rRNAs 23], pepletion of c-MYC can reduce
the transcription of rRNA. The reduced availability of rRNA would lead to the reduction of ribosomal proteins due to protein
degradation mediated by the proteasome in the nucleus 4. The ubiquitin ligase Tom1 collaborates with the E2 enzymes
Ubc4 and Ubc5 to mediate the degradation of unassembled ribosomal proteins 2, reducing the raw building blocks of the
ribosome and thus the mature ribosomes.



| 4. The Effect of c-MYC on Tamoxifen Resistance

¢c-MYC can induce tamoxifen resistance through various mechanisms. For example, c-MYC has been reported to induce
the transcription of survivin (encoded by the gene BIRCS), an essential member of the inhibitor of apoptosis protein (IAP)
family, which plays an essential role in tumorigenesis 8. Through expression analysis, c-MYC has been reported to
regulate the expression of nearly 15% of global genes 8, including some commonly regulated by ER. Therefore, the role
of ER can be partially replaced by c-MYC 4. Genes repressed by tamoxifen would thus be induced by c-MYC
overexpression. This would abolish the effect of tamoxifen because the genes would no longer be regulated by ER but by
c-MYC. Therefore, c-MYC can induce tamoxifen resistance through transcriptional regulation.

In addition, c-MYC can induce tamoxifen resistance via the mRNA translation mechanism. c-MYC has been known to
regulate mRNA translation through inducing the expression of translation initiation factors, such as elF4E, elF2a, elF4Al
and elF4Gl, which are needed for CAP-dependent translation 28, c-MYC can directly promote methylation of the mRNA
CAP structure through RNA guanine-7-methyltransferase (RNMT), which is essential for CAP binding to elF4E and the
recruitment of the 40S ribosome subunit, thereby favouring cap-dependent mRNA translation 22, ¢c-MYC can promote
elF4F-dependent translation and cooperate with elF4E to drive tumorigenesis in vivo Y, Translation of mRNA begins with
recognising the 7-methylguanylate-capped structure by the translation initiation complex composed of the cap-binding
protein elF4E, elF4A, and elF4G to start translation B, Overexpression of elF4E can increase the efficiency of translating
MRNAs containing structured 5'-untranslated region (5-UTR) 2. Around 10% of cellular mRNAs have atypically long 5'-
UTR. Many encode proto-oncogenes, anti-apoptotic proteins and growth factors (384 A ong 5-UTR and GC-rich
sequence form a stable secondary structure. It has been demonstrated that the translation of mMRNA with long 5'-UTR is
often sensitive to the expression level of elF4E (83,

The activity of elF4E is governed by phosphorylation, especially Ser209 B8 MNK1 and mTORC1 have been
demonstrated to modulate the phosphorylation on this site X, The study showed that overexpression of elF4E and its
phosphorylation mediated by MNK1 could rewire the translation profile and thus the protein expression profile. RUNX2
was identified as the critical factor, being up-regulated by the overexpression of phosphorylated elF4E. RUNX2 as a
member of RUNX transcription factors involved in lineage-specific cell fate determination 8, regulates gene expression
by functioning as a molecular scaffold to recruit chromatin remodelling enzymes (e.g., SWI/SNF and CTCF), and thus
modulates promoter accessibility 2. RUNX2 has been shown to regulate the expression of genes involved in WNT/B-
catenin and TGF-B signalling Y. These two key pathways have been reported to be dysregulated in many cancers, such
as breast cancer. In vitro study has shown that suppressing WNT signalling by a small molecule ICG-001 or -catenin
siRNA could reverse tamoxifen resistance 21, It has been established that TGF-B can activate various signalling
pathways, including ERK1/2 and p38MAPKs and PI3K signallings, forming transduction signalling networks 22, Activation
of these signallings is known to contribute to the development of tamoxifen resistance [23. Therefore, the overexpression
of c-MYC, which can enhance these signallings, can thus contribute to the development of tamoxifen resistance in breast
cancer.

The overexpression of non-phosphorylated elF4E can also confer tamoxifen resistance 3. By investigating translation
and polysome fractionation profiles, FOXM1 was found to be significantly up-regulated at the protein level but not at the
mRNA level B3, FOXM1 is an oncogenic transcription factor 24l Studies have demonstrated that down-regulation of
FOXM1 favours apoptosis 2226 Thus, upregulation of FOXM1 can counteract the effect of tamoxifen’s effect on
apoptosis in breast cancer. Similarly, overexpression of elF4E can enhance the translation of c-MYC and cyclin D1 B3], |t
suggests that c-MYC and elF4E have a positive feedback mechanism to support the development of tamoxifen
resistance. Thus, elF4E can employ different ways to modulate tamoxifen resistance (Figure 3), and targeting individual
signalling might be ineffective to combat the resistance in breast cancer cells.
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Figure 3. The molecular mechanism mediated by elF4E to induce tamoxifen resistance in breast cancer. Overexpression
of c-MYC enhances the expression of elF4E that prefers to interact with structured mRNA and favours its translation.
mRNAs of oncogenic factors are usually structured. Therefore, elF4E will favour the protein expression of oncogenic
factors. In addition, the activity of elF4E is regulated by phosphorylation. Phosphorylated and unphosphorylated elF4E (p-
elF4E) have different selectivity toward structured mRNA. elF4E and p-elF4E induce differential protein expression
profiles. Therefore, elF4E and p-elF4E modulate tamoxifen resistance through different mechanisms.

5. Feasibility of Targeting Ribosome Biogenesis Enhanced by c-MYC
Overexpression to Reverse Tamoxifen Resistance in Breast Cancers

Aberrant increases in nucleolar size and number that reflects increased ribosome biogenesis has been recognised for
over a century as the hallmark of many cancers and has been associated with poor prognosis 2. Hyper-activation of
ribosome biogenesis by c-MYC overexpression can increase global protein synthesis rates, decrease translational fidelity
or alter the pattern of translated mRNAs 28], These contribute to tumorigenesis. A study demonstrated that the down-
regulation of ribosome protein RPL24 could reduce the rate of ribosome biogenesis and improve disease-free survival in
the mouse cancer model with MYC overexpression 28, The down-regulation of ribosomal proteins RPL6 2 and RPS21
(100 has also been reported to suppress cancer cell proliferation. Overexpression of RPL34 was found to increase
apoptosis resistance of cancer cells B2 These studies highlight the importance of ribosomal protein in cancer
development. One recent study demonstrated that genes coding for ribosomal proteins and regulators of translation could
promote metastasis of breast cancer 222, An independent bioinformatics study revealed that amplification of RPLS,
RPL19, and RPL23 genes was associated with poor survival outcomes in breast cancer 223, Overexpression of these
ribosome proteins might enhance ribosome biogenesis, supporting the development of breast cancer. The elevated
expression of RPL23 was shown to confer resistance to apoptosis 124, Thus, suppressing ribosome biogenesis might
reduce aggressiveness and enhance the response of breast cancer to tamoxifen.

c-MYC is a crucial regulator of protein biosynthesis. Target genes of c-MYC mediating transcription are essential for
crucial steps in the ribosome biogenesis process, including the synthesis of ribosomal RNAs and proteins [221205] The yp-
regulation of these components is one of the most consistent gene expression signatures associated with c-MYC
overexpression B2, Compounds such as KJ-Pyr-944 or SaJM589 have been shown to suppress cell proliferation by
disrupting c-MYC-MAX heterodimerisation and potentially promoting proteasome-mediated c-MYC degradation in
leukemic cell lines [R08l  Another recently identified small compound, MYCMI-6, also inhibits c-MYC-MAX
heterodimerisation by binding to the bHLH-LZ domain of c-MYC and abolishing c-MYC-mediated transcription in breast
cancer cells 294, An in vitro study confirmed that MYCMI-6 could suppress c-MYC-dependent cell growth, which
correlates with the level of c-MYC expression in tumour cells. The chemical KSI-3716, which blocks c-MYC-MAX binding
to DNA, can also suppress cancer cell proliferation in leukaemia 198!, However, there is no active clinical trial evaluating c-
MYC inhibition mediated by the above chemicals on breast tumour suppression. Severe side effects in animal studies
might be a problem. Omomyc inhibits c-MYC in part by promoting its proteasomal degradation in lymphoma cell lines (1991,
Omomyc is a 90 amino acid c-MYC mutant that comprises the bHLH-LZ domain and competes with c-MYC to bind DNA.
It displaces the c-MYC/MAX heterodimers and inhibits the transcription of target genes. Omomyc has been shown to have
a potent anti-proliferative effect with sustained tumour regression with no detrimental effect on healthy tissue, thus for the
first time, c-MYC inhibition can be considered as a feasible therapeutic anti-cancer strategy 119, A clinical trial (Phase I/II;
NCT04808362) started since 2021 has made Omomyc the first c-MYC inhibitor to reach clinical study in patients with
advanced solid tumors, including breast cancer.

A research group demonstrated that the novel small molecule inhibitor CX-5461 could specifically target rDNA
transcription, leading to the suppression of tumour development. This chemical has been used in phase 1 clinical trials
(NCT02719977; Australia and New Zealand Clinical Trials Registry, #12613001061729) L1UL12] |n addition, CX-3543,
another small molecule inhibitor to target rDNA transcription, has been shown to suppress cancer successfully and has
been used in clinical trials (NCT00955786; NCT00780663; NCT00780663) 11311114 Haemanthamine, a natural alkaloid
extracted from Daffodil bulbs, has been shown to target ribosome function and ribosome production by inhibiting RNA
processing specifically to suppress cancer cell proliferation and induce apoptosis in colon cancer and leukemic cancer
cells with c-MYC overexpression 151116 A pre-clinical model of c-MYC-driven lymphoma xenograft demonstrated that
combining CX-5461 with an mTOR inhibitor could effectively suppress tumour growth 17 Moreover, combining CX-5461
and the pan-PIM-kinase inhibitor CX-6258 has been shown to have an effective tumour-suppressive effect in the
abiraterone-and enzalutamide-resistant prostate cancer PDTX model 18 These studies illustrate the feasibility of
targeting ribosome biogenesis in cancer therapy.



Tamoxifen is commonly used for treating ER+ve breast cancer. However, tamoxifen resistance hinders the usefulness of
tamoxifen. Identification of agents to reduce the resistance is urgently needed. The overexpression of c-MYC has long
been suggested to be one of the significant factors for triggering the resistance BL191201 However, targeting c-MYC with
clinical-grade small molecules is still challenging, particularly at the protein level 12, The protein domains of c-MYC are
intrinsically disordered and lack an enzymatically active site. This has posed difficulties in drug design 2. Due to these
difficulties, there is no small molecule c-MYC inhibitor that can be used clinically in the market. Hence, directly inhibiting c-
MYC to reverse tamoxifen resistance in breast cancer is not feasible.

The overexpression of c-MYC can enhance ribosome biogenesis to sustain the demand from cancer cells. Therefore,
targeting the steps in ribosome biogenesis instead of c-MYC may provide new cues for reducing tamoxifen resistance in
breast cancer. CX-5461 [1121 CcX-3543 [114] and haemanthamine 212 have been shown to repress the efficiency of
ribosome biogenesis. CX-5461 has been shown to work with the mTOR inhibitor or the pan-PIM inhibitor to synergise
cancer therapy. However, none of these chemicals has been tested for recovering tamoxifen sensitivity in ER+ve breast
cancer. A current ovarian cancer study demonstrates that CX-5461 can enhance the efficacy of the PARP inhibitor 121
suggesting the feasibility of using ribosome biogenesis suppression in combination with other drugs to improve drug
effectiveness. Different mechanisms can trigger tamoxifen resistance in ER+ve breast cancer, such as mutations 2221 and
alteration of alternative splicing 12, etc. It would be necessary to determine to what extent c-MYC overexpression and the
resultant enhanced ribosome biogenesis contribute to tamoxifen resistance in ER+ve breast cancer. A predictive marker
to determine the degree of involvement of ribosome biogenesis in resistant cases can help identify which cases will be
responsive to ribosome biogenesis suppression to reverse tamoxifen resistance.

| 6. Conclusions

Breast cancer is a heterogeneous disease. Different subtypes will result in a different response to a particular treatment.
Having a single therapy that can be used universally is unrealistic. Similarly, various molecular mechanisms, such as
mutations and altered gene expression, can contribute to tamoxifen resistance; some even cross-talk with each other to
make the tamoxifen-resistant mechanism more complicated. Therefore, it is not feasible to rely on a single agent to
reverse tamoxifen resistance in all patients. c-MYC overexpression is a driver of cancer and drug resistance. The
overexpression of c-MYC can rewire the gene expression profile to sustain the demands of cancer cells, enhanced
ribosome biogenesis being one of them. Since c-MYC is undruggable, the downstream mechanisms mediated by c-MYC
become the targets. Ribosomes are the place to produce proteins for supporting cell proliferation and combating cell
death pathways induced by therapeutic agents. The suppression of ribosome biogenesis will therefore compromise the
survival advantages of cancer cells. On the one hand, it will suppress the development of cancer cells; on the other hand,
it will make the cancer cells more sensitive to the drug or even reverse drug resistance. Therefore, in ER+ve breast
cancer, the researchers believe that targeting ribosome biogenesis will be a feasible strategy to deal with tamoxifen
resistance.

References

1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020:
GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin.
2021, 71, 209-249.

2. Siersbhaek, R.; Kumar, S.; Carroll, J.S. Signaling pathways and steroid receptors modulating estrogen receptor alpha
function in breast cancer. Genes Dev. 2018, 32, 1141-1154.

3. Yasar, P.; Ayaz, G.; User, S.D.; Gupur, G.; Muyan, M. Molecular mechanism of estrogen-estrogen receptor signaling.
Reprod. Med. Biol. 2017, 16, 4-20.

4. Cao, Z.; Liao, Q.; Su, M.; Huang, K.; Jin, J.; Cao, D. AKT and ERK dual inhibitors: The way forward? Cancer Lett.
2019, 459, 30-40.

5. Shang, Y.F.; Hu, X.; DiRenzo, J.; Lazar, M.A.; Brown, M. Cofactor dynamics and sufficiency in estrogen receptor-
regulated transcription. Cell 2000, 103, 843—-852.

6. Davies, C.; Godwin, J.; Gray, R.; Clarke, M.; Darby, S.; McGale, P.; Wang, Y.C.; Peto, R.; Pan, H.C.; Cutter, D.; et al.
Relevance of breast cancer hormone receptors and other factors to the efficacy of adjuvant tamoxifen: Patient-level
meta-analysis of randomised trials. Lancet 2011, 378, 771-784.

7. Ring, A.; Dowsett, M. Mechanisms of tamoxifen resistance. Endocr.-Relat. Cancer 2004, 11, 643-658.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29

30.

. Shou, J.; Massarweh, S.; Osborne, C.K.; Wakeling, A.E.; Ali, S.; Weiss, H.; Schiff, R. Mechanisms of tamoxifen

resistance: Increased estrogen receptor-HER2/neu cross-talk in ER/HER2-positive breast cancer. J. Natl. Cancer Inst.
2004, 96, 926-935.

. Riggins, R.B.; Schrecengost, R.S.; Guerrero, M.S.; Bouton, A.H. Pathways to tamoxifen resistance. Cancer Lett. 2007,
256, 1-24.
Sette, C.; Ladomery, M.; Ghigna, C. Alternative splicing: Role in cancer development and progression. Int. J. Cell Biol.

2013, 2013, 421606.

Omarjee, S.; Jacquemetton, J.; Poulard, C.; Rochel, N.; Dejaegere, A.; Chebaro, Y.; Treilleux, I.; Marangoni, E.; Corbo,
L.; Le Romancer, M. The molecular mechanisms underlying the ER alpha-36-mediated signaling in breast cancer.
Oncogene 2017, 36, 2503-2514.

Gong, C.; Man, E.P.S.; Tsoi, H.; Lee, TK.W.; Lee, P.; Ma, S.T.; Wong, L.S.; Luk, M.Y.; Rakha, E.A.; Green, A.R.; et al.
BQ323636.1, a Novel Splice Variant to NCOR2, as a Predictor for Tamoxifen-Resistant Breast Cancer. Clin. Cancer
Res. 2018, 24, 3681-3691.

Dhanasekaran, R.; Deutzmann, A.; Mahauad-Fernandez, W.D.; Hansen, A.S.; Gouw, A.M.; Felsher, D.W. The MYC
oncogene—The grand orchestrator of cancer growth and immune evasion. Nat. Rev. Clin. Oncol. 2022, 19, 23-36.

Felsher, D.W. MYC Inactivation Elicits Oncogene Addiction through Both Tumor Cell-Intrinsic and Host-Dependent
Mechanisms. Genes Cancer 2010, 1, 597-604.

Llombart, V.; Mansour, M.R. Therapeutic targeting of “undruggable” MYC. EBioMedicine 2021, 75, 103756.

Duesberg, P.H.; Vogt, P.K. Avian acute leukemia viruses MC29 and MH2 share specific RNA sequences: Evidence for
a second class of transforming genes. Proc. Natl. Acad. Sci. USA 1979, 76, 1633-1637.

Meyer, N.; Penn, L.Z. Reflecting on 25 years with MYC. Nat. Rev. Cancer 2008, 8, 976-990.

Blackwood, E.M.; Eisenman, R.N. Max—A Helix-Loop-Helix Zipper Protein That Forms a Sequence-Specific DNA-
Binding Complex with Myc. Science 1991, 251, 1211-1217.

Blackwell, T.K.; Kretzner, L.; Blackwood, E.M.; Eisenman, R.N.; Weintraub, H. Sequence-Specific DNA-Binding by the
C-Myc Protein. Science 1990, 250, 1149-1151.

Zeller, K.1.; Zhao, X.D.; Lee, C.W.H.; Chiu, K.P.; Yao, F.; Yustein, J.T.; Ooi, H.S.; Orlov, Y.L.; Shahab, A.; Yong, H.C.; et
al. Global mapping of c-Myc binding sites and target gene networks in human B cells. Proc. Natl. Acad. Sci. USA 2006,
103, 17834-17839.

Fernandez, P.C.; Frank, S.R.; Wang, L.Q.; Schroeder, M.; Liu, S.X.; Greene, J.; Cocito, A.; Amati, B. Genomic targets
of the human c-Myc protein. Gene Dev. 2003, 17, 1115-1129.

Kalkat, M.; Resetca, D.; Lourenco, C.; Chan, P.K.; Wei, Y.; Shiah, Y.J.; Vitkin, N.; Tong, Y.F.; Sunnerhagen, M.; Done,
S.J.; et al. MYC Protein Interactome Profiling Reveals Functionally Distinct Regions that Cooperate to Drive
Tumorigenesis. Mol. Cell 2018, 72, 836-848.e7.

Wu, S.Q.; Cetinkaya, C.; Munoz-Alonso, M.J.; von der Lehr, N.; Bahram, F.; Beuger, V.; Eilers, M.; Leon, J.; Larsson,
L.G. Myc represses differentiation-induced p21CIP1 expression via Miz-1-dependent interaction with the p21 core
promoter. Oncogene 2003, 22, 351-360.

Seoane, J.; Pouponnot, C.; Staller, P.; Schader, M.; Eilers, M.; Massague, J. TGF beta influences Myc, Miz-1 and
Smad to control the CDK inhibitor p15(INK4b). Nat. Cell Biol. 2001, 3, 400-408.

Dang, C.V. MYC on the path to cancer. Cell 2012, 149, 22-35.

Zhou, Y.; Gao, X.; Yuan, M.; Yang, B.; He, Q.; Cao, J. Targeting Myc Interacting Proteins as a Winding Path in Cancer
Therapy. Front. Pharmacol. 2021, 12, 748852.

Andre, F.; Arnedos, M.; Baras, A.S.; Baselga, J.; Bedard, P.L.; Berger, M.F.; Bierkens, M.; Calvo, F.; Cerami, E.;
Chakravarty, D.; et al. AACR Project GENIE: Powering Precision Medicine through an International Consortium.
Cancer Discov. 2017, 7, 818-831.

Fallah, Y.; Brundage, J.; Allegakoen, P.; Shajahan-Haqg, A.N. MYC-Driven Pathways in Breast Cancer Subtypes.
Biomolecules 2017, 7, 53.

. Qu, J.; Zhao, X.; Wang, J.; Liu, X.; Yan, Y.; Liu, L.; Cai, H.; Qu, H.; Lu, N.; Sun, Y.; et al. MYC overexpression with its

prognostic and clinicopathological significance in breast cancer. Oncotarget 2017, 8, 93998-94008.

Wolfer, A.; Wittner, B.S.; Irimia, D.; Flavin, R.J.; Lupien, M.; Gunawardane, R.N.; Meyer, C.A.; Lightcap, E.S.; Tamayo,
P.; Mesirov, J.P.; et al. MYC regulation of a “poor-prognosis” metastatic cancer cell state. Proc. Natl. Acad. Sci. USA
2010, 107, 3698-3703.



31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Nair, R.; Roden, D.L.; Teo, W.S.; McFarland, A.; Junankar, S.; Ye, S.; Nguyen, A.; Yang, J.; Nikolic, I.; Hui, M.; et al. c-
Myc and Her2 cooperate to drive a stem-like phenotype with poor prognosis in breast cancer. Oncogene 2014, 33,
3992-4002.

Naab, T.J.; Gautam, A.; Ricks-Santi, L.; Esnakula, A.K.; Kanaan, Y.M.; DeWitty, R.L.; Asgedom, G.; Makambi, K.H.;
Abawi, M.; Blancato, J.K. MYC amplification in subtypes of breast cancers in African American women. BMC Cancer
2018, 18, 274.

Razavi, P.; Chang, M.T.; Xu, G.T.; Bandlamudi, C.; Ross, D.S.; Vasan, N.; Cai, Y.Y.; Bielski, C.M.; Donoghue, M.T.A.;
Jonsson, P.; et al. The Genomic Landscape of Endocrine-Resistant Advanced Breast Cancers. Cancer Cell 2018, 34,
427-438.€6.

Li, Z.R.; Van Calcar, S.; Qu, C.X.; Cavenee, W.K.; Zhang, M.Q.; Ren, B. A global transcriptional regulatory role for c-
Myc in Burkitt's lymphoma cells. Proc. Natl. Acad. Sci. USA 2003, 100, 8164—-8169.

Dang, C.V. MYC, Metabolism, Cell Growth, and Tumorigenesis. CSH Perspect. Med. 2013, 3, a014217.

Jin, K.; Park, S.; Teo, W.W.; Korangath, P.; Cho, S.S.; Yoshida, T.; Gyorffy, B.; Goswami, C.P.; Nakshatri, H.; Cruz, L.A.;
et al. HOXB7 Is an ER alpha Cofactor in the Activation of HER2 and Multiple ER Target Genes Leading to Endocrine
Resistance. Cancer Discov. 2015, 5, 944-959.

Jin, K.; Kong, X.J.; Shah, T.; Penet, M.F.,; Wildes, F.; Sgroi, D.C.; Ma, X.J.; Huang, VY.; Kallioniemi, A.; Landberg, G.; et
al. The HOXB7 protein renders breast cancer cells resistant to tamoxifen through activation of the EGFR pathway.
Proc. Natl. Acad. Sci. USA 2012, 109, 2736—-2741.

Ali, R.; Wendt, M.K. The paradoxical functions of EGFR during breast cancer progression. Signal Transduct. Target.
2017, 2, 16042.

Hasson, S.P.; Brezis, M.R.; Shachar, E.; Shachar, S.S.; Wolf, |.; Sonnenblick, A. Adjuvant endocrine therapy in HER2-
positive breast cancer patients: Systematic review and meta-analysis. ESMO Open 2021, 6, 100088.

Smith, A.P.; Verrecchia, A.; Faga, G.; Doni, M.; Perna, D.; Martinato, F.; Guccione, E.; Amati, B. A positive role for Myc
in TGF beta-induced Snail transcription and epithelial-to-mesenchymal transition. Oncogene 2009, 28, 422—-430.

Viswanathan, S.R.; Powers, J.T.; Einhorn, W.; Hoshida, Y.; Ng, T.L.; Toffanin, S.; O’Sullivan, M.; Lu, J.; Phillips, L.A;
Lockhart, V.L.; et al. Lin28 promotes transformation and is associated with advanced human malignancies. Nat. Genet.
2009, 41, 843-848.

Yan, S.; Zhou, C.Q.; Lou, X.M.; Xiao, Z.F.; Zhu, H.X.; Wang, Q.F.; Wang, Y.H.; Lu, N.; He, S.; Zhan, Q.M.; etal. PTTG
Overexpression Promotes Lymph Node Metastasis in Human Esophageal Squamous Cell Carcinoma. Cancer Res.
2009, 69, 3283-3290.

White, N.M.A.; Masui, O.; Newsted, D.; Scorilas, A.; Romaschin, A.D.; Bjarnason, G.A.; Siu, K.W.M.; Yousef, G.M.
Galectin-1 has potential prognostic significance and is implicated in clear cell renal cell carcinoma progression through
the HIF/mTOR signaling axis (vol 110, pg 1250, 2014). Br. J. Cancer 2017, 116, E3.

Chan, C.H.; Lee, S.W,; Li, C.F,; Wang, J.; Yang, W.L.; Wu, C.Y.; Wu, J.; Nakayama, K.l.; Kang, H.Y.; Huang, H.Y.; et al.
Deciphering the transcriptional complex critical for RhoA gene expression and cancer metastasis. Nat. Cell Biol. 2010,
12, 457-467.

Shajahan-Haq, A.N.; Cook, K.L.; Schwartz-Roberts, J.L.; Eltayeb, A.E.; Demas, D.M.; Warri, A.M.; Facey, C.O.; Hilakivi-
Clarke, L.A.; Clarke, R. MYC regulates the unfolded protein response and glucose and glutamine uptake in endocrine
resistant breast cancer. Mol. Cancer 2014, 13, 239.

Chen, Z.K.; Wang, Y.Z.; Warden, C.; Chen, S.A. Cross-talk between ER and HER2 regulates c-MYC-mediated
glutamine metabolism in aromatase inhibitor resistant breast cancer cells. J. Steroid Biochem. 2015, 149, 118-127.

Miller, T.W.; Balko, J.M.; Ghazoui, Z.; Dunbier, A.; Anderson, H.; Dowsett, M.; Gonzalez-Angulo, A.M.; Mills, G.B.; Miller,
W.R.; Wu, H.Y.; et al. A Gene Expression Signature from Human Breast Cancer Cells with Acquired Hormone
Independence Identifies MYC as a Mediator of Antiestrogen Resistance. Clin. Cancer Res. 2011, 17, 2024-2034.

Garg, H.; Suri, P.; Gupta, J.C.; Talwar, G.P.; Dubey, S. Survivin: A unique target for tumor therapy. Cancer Cell Int.
2016, 16, 49.

Yu, P.; Li, A.X.; Chen, X.S.; Tian, M.; Wang, H.Y.; Wang, X.L.; Zhang, Y.; Wang, K.S.; Cheng, Y. PKM2-c-Myc-Survivin
Cascade Regulates the Cell Proliferation, Migration, and Tamoxifen Resistance in Breast Cancer. Front. Pharmacol.
2020, 11.

Mandlekar, S.; Kong, A.N.T. Mechanisms of tamoxifen-induced apoptosis. Apoptosis 2001, 6, 469-477.

Dong, Y.; Tu, R.F; Liu, H.D.; Qing, G.L. Regulation of cancer cell metabolism: Oncogenic MYC in the driver’s seat.
Signal Transduct. Target. 2020, 5, 124.



52.

53.

54

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

van Riggelen, J.; Yetil, A.; Felsher, D.W. MYC as a regulator of ribosome biogenesis and protein synthesis. Nat. Rev.
Cancer 2010, 10, 301-309.

Destefanis, F.; Manara, V.; Bellosta, P. Myc as a Regulator of Ribosome Biogenesis and Cell Competition: A Link to
Cancer. Int. J. Mol. Sci. 2020, 21, 4037.

. Bassler, J.; Hurt, E. Eukaryotic Ribosome Assembly. Annu. Rev. Biochem. 2019, 88, 281-306.

Truitt, M.L.; Ruggero, D. New frontiers in translational control of the cancer genome. Nat. Rev. Cancer 2017, 17, 332,
Erratum in Nat. Rev. Cancer 2016, 16, 288.

Bastide, A.; David, A. The ribosome, (slow) beating heart of cancer (stem) cell. Oncogenesis 2018, 7, 34.

Zhai, W.; Comai, L. Repression of RNA polymerase | transcription by the tumor suppressor p53. Mol. Cell. Biol. 2000,
20, 5930-5938.

Feng, Y.C; Liu, X.Y.; Teng, L.; Ji, Q.; Wu, Y.Y.; Li, J.M.; Gao, W.; Zhang, Y.Y,; La, T.; Tabatabaee, H.; et al. c-Myc
inactivation of p53 through the pan-cancer INCRNA MILIP drives cancer pathogenesis. Nat. Commun. 2020, 11, 4980.

Wang, C.; Zhang, J.W,; Yin, J.; Gan, Y.C.; Xu, S.L.; Gu, Y.; Huang, W.D. Alternative approaches to target Myc for
cancer treatment. Signal Transduct. Target. 2021, 6, 117.

Schlosser, I.; Holzel, M.; Murnseer, M.; Burtscher, H.; Weidle, U.H.; Eick, D. A role for c-Myc in the regulation of
ribosomal RNA processing. Nucleic Acids Res. 2003, 31, 6148—-6156.

Kim, S.; Li, Q.; Dang, C.V,; Lee, L.A. Induction of ribosomal genes and hepatocyte hypertrophy by adenovirus-
mediated expression of c-Myc in vivo. Proc. Natl. Acad. Sci. USA 2000, 97, 11198-11202.

Coller, H.A.; Grandori, C.; Tamayo, P.; Colbert, T.; Lander, E.S.; Eisenman, R.N.; Golub, T.R. Expression analysis with
oligonucleotide microarrays reveals that MYC regulates genes involved in growth, cell cycle, signaling, and adhesion.
Proc. Natl. Acad. Sci. USA 2000, 97, 3260-3265.

Wu, C.H.; Sahoo, D.; Arvanitis, C.; Bradon, N.; Dill, D.L.; Felsher, D.W. Combined Analysis of Murine and Human
Microarrays and ChIP Analysis Reveals Genes Associated with the Ability of MYC To Maintain Tumorigenesis. PLoS
Genet. 2008, 4, e1000090.

Kaiser, C.; Dobrikova, E.Y.; Bradrick, S.S.; Shveygert, M.; Herbert, J.T.; Gromeier, M. Activation of cap-independent
translation by variant eukaryotic initiation factor 4G in vivo. RNA 2008, 14, 2170-2182.

Thoma, C.; Fraterman, S.; Gentzel, M.; Wilm, M.; Hentze, M.W. Translation initiation by the c-myc mRNA internal
ribosome entry sequence and the poly(A) tail. RNA 2008, 14, 1579-1589.

Li, Z.L.; Boone, D.; Hann, S.R. Nucleophosmin interacts directly with c-Myc and controls c-Myc-induced
hyperproliferation and transformation. Proc. Natl. Acad. Sci. USA 2008, 105, 18794-18799.

Mitrea, D.M.; Cika, J.A.; Guy, C.S.; Ban, D.; Banerjee, P.R.; Stanley, C.B.; Nourse, A.; Deniz, A.A.; Kriwacki, R.W.
Nucleophosmin integrates within the nucleolus via multi-modal interactions with proteins displaying R-rich linear motifs
and rRNA. eLife 2016, 5, e13571.

Lindstrom, M.S. NPM1/B23: A Multifunctional Chaperone in Ribosome Biogenesis and Chromatin Remodeling.
Biochem. Res. Int. 2011, 2011, 195209.

Kenneth, N.S.; Ramsbottom, B.A.; Gomez-Roman, N.; Marshall, L.; Cole, P.A.; White, R.J. TRRAP and GCN5 are used
by c-Myc to activate RNA polymerase Il transcription. Proc. Natl. Acad. Sci. USA 2007, 104, 14917-14922.

Stine, Z.E.; Walton, Z.E.; Altman, B.J.; Hsieh, A.L.; Dang, C.V. MYC, Metabolism, and Cancer. Cancer Discov. 2015, 5,
1024-1039.

Morcelle, C.; Menoyo, S.; Moron-Duran, F.D.; Tauler, A.; Kozma, S.C.; Thomas, G.; Gentilella, A. Oncogenic MYC
Induces the Impaired Ribosome Biogenesis Checkpoint and Stabilizes p53 Independent of Increased Ribosome
Content. Cancer Res. 2019, 79, 4348-4359.

Xing, Y.; Draper, D.E. Stabilization of a ribosomal RNA tertiary structure by ribosomal protein L11. J. Mol. Biol. 1995,
249, 319-331.

Ramaswamy, P.; Woodson, S.A. Global stabilization of rRNA structure by ribosomal proteins S4, S17, and S20. J. Mol.
Biol. 2009, 392, 666-677.

Lam, Y.W.; Lamond, A.l.; Mann, M.; Andersen, J.S. Analysis of nucleolar protein dynamics reveals the nuclear
degradation of ribosomal proteins. Curr. Biol. 2007, 17, 749-760.

Sung, M.K.; Porras-Yakushi, T.R.; Reitsma, J.M.; Huber, F.M.; Sweredoski, M.J.; Hoelz, A.; Hesse, S.; Deshaies, R.J. A
conserved quality-control pathway that mediates degradation of unassembled ribosomal proteins. eLife 2016, 5,
€19105.



76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.
93.

94.

95.

96.

97.

98.

99.

Dang, C.V.; O’'Donnell, K.A.; Zeller, K.I.; Nguyen, T.; Osthus, R.C.; Li, F. The c-Myc target gene network. Semin. Cancer
Biol. 2006, 16, 253-264.

Cheng, R.; Liu, Y.J.; Cui, J.W.; Yang, M.; Liu, X.L.; Li, P.; Wang, Z.; Zhu, L.Z.; Lu, S.Y.; Zou, L.; et al. Aspirin regulation
of c-myc and cyclinD1 proteins to overcome tamoxifen resistance in estrogen receptor-positive breast cancer cells.
Oncotarget 2017, 8, 30252—-30264.

Schmidt, E.V. The role of c-myc in regulation of translation initiation. Oncogene 2004, 23, 3217-3221.

Ramanathan, A.; Robb, G.B.; Chan, S.H. mRNA capping: Biological functions and applications. Nucleic Acids Res.
2016, 44, 7511-7526.

Ruggero, D.; Montanaro, L.; Ma, L.; Xu, W.; Londei, P.; Cardon-Cardo, C.; Pandolfi, P.P. The translation factor elF-4E
promotes tumor formation and cooperates with c-Myc in lymphomagenesis. Nat. Med. 2004, 10, 484—-486.

Sonneveld, S.; Verhagen, B.M.P.; Tanenbaum, M.E. Heterogeneity in mRNA Translation. Trends Cell Biol. 2020, 30,
606-618.

Koromilas, A.E.; Lazaris-Karatzas, A.; Sonenberg, N. mMRNAs containing extensive secondary structure in their 5’ non-
coding region translate efficiently in cells overexpressing initiation factor elF-4E. EMBO J. 1992, 11, 4153-4158.

Gong, C.; Tsoi, H.; Mok, K.C.; Cheung, J.; Man, E.P.S.; Fujino, K.; Wong, A.H.; Lam, EW.F,; Khoo, U.S.
Phosphorylation independent elF4E translational reprogramming of selective mRNAs determines tamoxifen resistance
in breast cancer. Oncogene 2020, 39, 3206-3217.

Smith, R.C.L.; Kanellos, G.; Vlahov, N.; Alexandrou, C.; Willis, A.E.; Knight, J.R.P.; Sansom, O.J. Translation initiation
in cancer at a glance. J. Cell Sci. 2021, 134, jcs248476.

De Benedetti, A.; Graff, J.R. elF-4E expression and its role in malignancies and metastases. Oncogene 2004, 23,
3189-3199.

Uttam, S.; Wong, C.; Price, T.J.; Khoutorsky, A. elF4E-Dependent Translational Control: A Central Mechanism for
Regulation of Pain Plasticity. Front. Genet. 2018, 9, 470.

Geter, P.A.; Ernlund, A.W.; Bakogianni, S.; Alard, A.; Arju, R.; Giashuddin, S.; Gadi, A.; Bromberg, J.; Schneider, R.J.
Hyperactive mTOR and MNK1 phosphorylation of elF4E confer tamoxifen resistance and estrogen independence
through selective mRNA translation reprogramming. Gene Dev. 2017, 31, 2235-2249.

Kim, W.J.; Shin, H.L.; Kim, B.S.; Kim, H.J.; Ryoo, H.M. RUNX2-modifying enzymes: Therapeutic targets for bone
diseases. Exp. Mol. Med. 2020, 52, 1178-1184.

Wu, H.; Whitfield, TW.; Gordon, J.A.R.; Dobson, J.R.; Tai, PW.L.; van Wijnen, A.J.; Stein, J.L.; Stein, G.S.; Lian, J.B.
Genomic occupancy of Runx2 with global expression profiling identifies a novel dimension to control of
osteoblastogenesis. Genome Biol. 2014, 15, R52.

Chimge, N.O.; Frenkel, B. The RUNX family in breast cancer: Relationships with estrogen signaling. Oncogene 2013,
32, 2121-2130.

Won, H.S.; Lee, K.M.; Oh, J.E.; Nam, E.M.; Lee, K.E. Inhibition of beta-Catenin to Overcome Endocrine Resistance in
Tamoxifen-Resistant Breast Cancer Cell Line. PLoS ONE 2016, 11, e0155983.

Colak, S.; Ten Dijke, P. Targeting TGF-beta Signaling in Cancer. Trends Cancer 2017, 3, 56-71.

Yao, J.; Deng, K.; Huang, J.; Zeng, R.; Zuo, J. Progress in the Understanding of the Mechanism of Tamoxifen
Resistance in Breast Cancer. Front. Pharmacol. 2020, 11, 592912.

Kalathil, D.; John, S.; Nair, A.S. FOXM1 and Cancer: Faulty Cellular Signaling Derails Homeostasis. Front. Oncol.
2021, 10, 3472.

Hou, Y.; Li, W.; Sheng, Y.; Li, L.P.; Huang, VY.; Zhang, Z.H.; Zhu, T.Y.; Peace, D.; Quigley, J.G.; Wu, W.S.; et al. The
transcription factor Foxm1 is essential for the quiescence and maintenance of hematopoietic stem cells. Nat. Immunol.
2015, 16, 810-818.

Halasi, M.; Gartel, A.L. Suppression of FOXM1 Sensitizes Human Cancer Cells to Cell Death Induced by DNA-
Damage. PLoS ONE 2012, 7, e31761.

Pelletier, J.; Thomas, G.; Volarevic, S. Ribosome biogenesis in cancer: New players and therapeutic avenues. Nat.
Rev. Cancer 2018, 18, 51-63.

Barna, M.; Pusic, A.; Zollo, O.; Costa, M.; Kondrashov, N.; Rego, E.; Rao, P.H.; Ruggero, D. Suppression of Myc
oncogenic activity by ribosomal protein haploinsufficiency. Nature 2008, 456, 971-975.

Wu, Q.; Gou, Y.W.; Wang, Q.M.; Jin, H.F; Cui, L.N.; Zhang, Y.G.; He, L.J.; Wang, J.B.; Nie, Y.Z.; Shi, Y.Q.; et al.
Downregulation of RPL6 by siRNA Inhibits Proliferation and Cell Cycle Progression of Human Gastric Cancer Cell



100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Lines. PLoS ONE 2011, 6, e26401.

Tao, W.; Wang, Z.Y.; Zeng, L.Y.; Gao, Y.Z.; Yan, Y.X.; Zhang, Q. Down-Regulation of Ribosomal Protein RPS21 Inhibits
Invasive Behavior of Osteosarcoma Cells Through the Inactivation of MAPK Pathway. Cancer Manag. Res. 2020, 12,
4949-4955.

Yang, S.X.; Cui, J.; Yang, Y.S.; Liu, Z.P.; Yan, H.Y.; Tang, C.H.; Wang, H.; Qin, H.F.; Li, X.Y.; Li, J.J.; et al. Over-
expressed RPL34 promotes malignant proliferation of non-small cell lung cancer cells. Gene 2016, 576, 421-428.

Ebright, R.Y.; Lee, S.; Wittner, B.S.; Niederhoffer, K.L.; Nicholson, B.T.; Bardia, A.; Truesdell, S.; Wiley, D.F.; Wesley, B.;
Li, S.; et al. Deregulation of ribosomal protein expression and translation promotes breast cancer metastasis. Science
2020, 367, 1468-1473.

Dolezal, J.M.; Dash, A.P.; Prochownik, E.V. Diagnostic and prognostic implications of ribosomal protein transcript
expression patterns in human cancers. BMC Cancer 2018, 18, 275.

Qi, Y.K; Li, X.; Chang, C.K.; He, FX.Q.; Zhao, Y.S.; Wu, L.Y. Ribosomal protein L23 negatively regulates cellular
apoptosis via the RPL23/Miz-1/c-Myc circuit in higher-risk myelodysplastic syndrome. Sci. Rep. 2017, 7, 2323.

Poortinga, G.; Quinn, L.M.; Hannan, R.D. Targeting RNA polymerase | to treat MYC-driven cancer. Oncogene 2015, 34,
403-412.

Choi, S.H.; Mahankali, M.; Lee, S.J.; Hull, M.; Petrassi, H.M.; Chatterjee, A.K.; Schultz, P.G.; Jones, K.A.; Shen, W.J.
Targeted Disruption of Myc-Max Oncoprotein Complex by a Small Molecule. ACS Chem. Biol. 2017, 12, 2715-2719.

Castell, A.; Yan, Q.Z.; Fawkner, K.; Hydbring, P.; Zhang, F.; Verschut, V.; Franco, M.; Zakaria, S.M.; Bazzar, W.;
Goodwin, J.; et al. A selective high affinity MYC-binding compound inhibits MYC: MAX interaction and MYC-dependent
tumor cell proliferation. Sci. Rep. 2018, 8, 10064.

Jeong, K.C.; Ahn, K.O.; Yang, C.H. Small-molecule inhibitors of c-Myc transcriptional factor suppress proliferation and
induce apoptosis of promyelocytic leukemia cell via cell cycle arrest. Mol. Biosyst. 2010, 6, 1503—-1509.

Demma, M.J.; Mapelli, C.; Sun, A.; Bodea, S.; Ruprecht, B.; Javaid, S.; Wiswell, D.; Muise, E.; Chen, S.Y.; Zelina, J.; et
al. Omomyc Reveals New Mechanisms To Inhibit the MYC Oncogene. Mol. Cell. Biol. 2019, 39, 22.

Soucek, L.; Whitfield, J.; Martins, C.P.; Finch, A.J.; Murphy, D.J.; Sodir, N.M.; Karnezis, A.N.; Swigart, L.B.; Nasi, S.;
Evan, G.l. Modelling Myc inhibition as a cancer therapy. Nature 2008, 455, 679-683.

Drygin, D.; Lin, A.; Bliesath, J.; Ho, C.B.; O’Brien, S.E.; Proffitt, C.; Omori, M.; Haddach, M.; Schwaebe, M.K.; Siddiqui-
Jain, A.; et al. Targeting RNA polymerase | with an oral small molecule CX-5461 inhibits ribosomal RNA synthesis and
solid tumor growth. Cancer Res. 2011, 71, 1418-1430.

Khot, A.; Brajanovski, N.; Cameron, D.P.; Hein, N.; Maclachlan, K.H.; Sanij, E.; Lim, J.; Soong, J.; Link, E.; Blombery,
P.; et al. First-in-Human RNA Polymerase | Transcription Inhibitor CX-5461 in Patients with Advanced Hematologic
Cancers: Results of a Phase | Dose-Escalation Study. Cancer Discov. 2019, 9, 1036—1049.

Drygin, D.; Siddiqui-Jain, A.; O'Brien, S.; Schwaebe, M.; Lin, A.; Bliesath, J.; Ho, C.B.; Proffitt, C.; Trent, K.; Whitten,
J.P.; et al. Anticancer activity of CX-3543: A direct inhibitor of rRNA biogenesis. Cancer Res. 2009, 69, 7653—-7661.

Yao, Y.X.; Xu, B.H.; Zhang, Y. CX-3543 Promotes Cell Apoptosis through Downregulation of CCAT1 in Colon Cancer
Cells. Biomed. Res. Int. 2018, 2018, 9701957.

Pellegrino, S.; Meyer, M.; Zorbas, C.; Bouchta, S.A.; Saraf, K.; Pelly, S.C.; Yusupova, G.; Evidente, A.; Mathieu, V.;
Kornienko, A.; et al. The Amaryllidaceae Alkaloid Haemanthamine Binds the Eukaryotic Ribosome to Repress Cancer
Cell Growth. Structure 2018, 26, 416-425.e4.

Havelek, R.; Seifrtova, M.; Kralovec, K.; Bruckova, L.; Cahlikova, L.; Dalecka, M.; Vavrova, J.; Rezacova, M.; Opletal,
L.; Bilkova, Z. The effect of Amaryllidaceae alkaloids haemanthamine and haemanthidine on cell cycle progression and
apoptosis in p53-negative human leukemic Jurkat cells. Phytomedicine 2014, 21, 479-490.

Devlin, J.R.; Hannan, K.M.; Hein, N.; Cullinane, C.; Kusnadi, E.; Ng, P.Y.; George, A.J.; Shortt, J.; Bywater, M.J.;
Poortinga, G.; et al. Combination Therapy Targeting Ribosome Biogenesis and mRNA Translation Synergistically
Extends Survival in MYC-Driven Lymphoma. Cancer Discov. 2016, 6, 59—70.

Lawrence, M.G.; Obinata, D.; Sandhu, S.; Selth, L.A.; Wong, S.Q.; Porter, L.H.; Lister, N.; Pook, D.; Pezaro, C.J.;
Goode, D.L.; et al. Patient-derived Models of Abiraterone- and Enzalutamide-resistant Prostate Cancer Reveal
Sensitivity to Ribosome-directed Therapy. Eur. Urol. 2018, 74, 562-572.

McNeil, C.M.; Sergio, C.M.; Anderson, L.R.; Inman, C.K.; Eggleton, S.A.; Murphy, N.C.; Millar, E.K.A.; Crea, P.; Kench,
J.G.; Alles, M.C.; et al. c-Myc overexpression and endocrine resistance in breast cancer. J. Steroid. Biochem. 2006,
102, 147-155.



120. Steifensand, F.; Gallwas, J.; Bauerschmitz, G.; Grundker, C. Inhibition of Metabolism as a Therapeutic Option for
Tamoxifen-Resistant Breast Cancer Cells. Cells 2021, 10, 2398.

121. Sanij, E.; Hannan, K.M.; Xuan, J.; Yan, S.; Ahern, J.E.; Trigos, A.S.; Brajanovski, N.; Son, J.; Chan, K.T.; Kondrashova,
O.; et al. CX-5461 activates the DNA damage response and demonstrates therapeutic efficacy in high-grade serous
ovarian cancer. Nat. Commun. 2020, 11, 2641.

122. Priedigkeit, N.; Ding, K.; Horne, W.; Kolls, J.K.; Du, T.; Lucas, P.C.; Blohmer, J.U.; Denkert, C.; Machleidt, A.; Ingold-
Heppner, B.; et al. Acquired mutations and transcriptional remodeling in long-term estrogen-deprived locoregional
breast cancer recurrences. Breast Cancer Res. 2021, 23, 1.

Retrieved from https://encyclopedia.pub/entry/history/show/51249



