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Clonal Evolution at First Sight:
A Combined Visualization of
Diverse Diagnostic Methods
Improves Understanding of
Leukemic Progression

Sarah Sandmann?, Yvonne Lisa Behrens?*, Claudia Davenport?, Felicitas Thol?,
Michael Heuser?, Daniela Dérfel?, Friederike Léhr®, Agnes Castrup 8 Doris Steinemann?,
Julian Varghese, Brigitte Schlegelberger?, Martin Dugas " and Gudrun Géhring?
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7 Institute of Medical Informatics, Heidelberg University Hospital, Heidelberg, Germany

Patients with myeloid neoplasia are classified by the WHO classification systems. Besides
clinical and hematological criteria, cytogenetic and molecular genetic alterations highly
impact treatment stratification. In routine diagnostics, a combination of methods is used to
decipher different types of genetic variants. Eight patients were comprehensively analyzed
using karyotyping, fluorescence in situ hybridization, array-CGH and a custom NGS panel.
Clonal evolution was reconstructed manually, integrating all mutational information on
single nucleotide variants (SNVs), insertions and deletions (indels), structural variants and
copy number variants (CNVs). To allow a correct integration, we differentiate between
three scenarios: 1) CNV occurring prior to the SNV/indel, but in the same cells. 2) SNV/
indel occurring prior to the CNV, but in the same cells. 3) SNV/indel and CNV existing in
parallel, independent of each other. Applying this bioinformatics approach, we
reconstructed clonal evolution for all patients. This generalizable approach offers the
possibility to integrate various data to analyze identification of driver and passenger
mutations as well as possible targets for personalized medicine approaches. Furthermore,
this model can be used to identify markers to assess the minimal residual disease.

Keywords: clonal evolution, bioinformatics, single nucleotide variants, copy number variants, cancer cell fraction,
leukemic progression

INTRODUCTION

Myeloid neoplasia, including acute myeloid leukemia (AML) and myelodysplastic syndrome (MDS)
are heterogeneous hematopoietic stem cell disorders, which are marked by the acquisition of
somatic alterations and clonal evolution (1-4). Besides clinical and hematological criteria,
cytogenetic and molecular genetic alterations highly impact treatment stratification (2). In recent
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years, high-throughput sequencing technologies have led to the
identification of many driver and passenger alterations that
enable precision medicine (e.g. IDHI inhibitor ivosidenib in
AML patients) (2, 5-9). The different subgroups of myeloid
neoplasia (e.g. MDS and AML) show a highly heterogeneous
cytogenetic and molecular genetic profile. Multiple subclones
may exist in one patient. Distribution of recurrently mutated
genes and clonal architecture are different, e.g. in MDS/MPN
subtypes (4, 10, 11). Consequently, leukemic progression may be
influenced by several leukemic clones, and the clonal
composition identified at diagnosis can differ from the
composition identified at relapse or progression (12). Patients
with myeloid neoplasia, especially patients with MDS, often
progress to AML (sAML) through a process of clonal evolution
(2, 11-13). Clonal evolution can be associated with poor
prognosis, relapse and therapeutic resistance (14, 15). To this
day different models of tumor evolution have been reported (e.g.
linear, branching or neutral evolution) (16).

Recent publications have shown that reconstruction of clonal
evolution and characterization of clonal architecture are
important for the understanding of tumor development and
treatment failure (14). Furthermore, they can help in finding new
treatment strategies (e.g. combination of drugs, or new drugs for
patients with relapse) (11, 12, 14). Different bioinformatic
approaches already exist for the calculation of clonal evolution
of bulk sequencing data. In addition, the single cell sequencing
method has expanded the field of reconstructing clonal evolution
(14, 17-19). A study of Morita et al. has shown both genetic and
phenotypic evolution in AML by single cell sequencing and cell
surface protein analyses (14). However, in routine diagnostics, a
combination of methods (e.g. karyotyping and NGS panel) is
used to identify alterations that are important for treatment
stratification of patients with myeloid neoplasia, and which may
not be detected using only a single method (20). These methods
decipher different types of genetic variants, including single
nucleotide variants (SNVs), insertions/deletions (indels),
structural variants (SVs) and copy number variations (CNVs).
The combination of a wide spectrum of methods could lead to
the identification of many alterations, which, in turn, can make
interpretation difficult. Unfortunately, an approach that
combines all identified molecular genetic and cytogenetic
aberrations and that reconstructs and visualizes the genetic
architecture and clonal evolution, is still lacking.

In the present study, we performed karyotyping, fluorescence
in situ hybridization, array-CGH and used a custom NGS panel
in a cohort of eight patients with myeloid neoplasia. Here, we
propose a bioinformatic approach as well as a visualization of
occurrences of genetic alterations to improve our understanding
of leukemic progression (driver and passenger alterations) and
assist in finding the best treatment stratification paving the way
for personalized medicine approaches. Clonal evolution and
clonal architecture not only play a role in therapeutic
resistance, relapse and poor outcomes in myeloid neoplasia,
but also in other non-solid tumors (14). Our proposed
bioinformatic model is a general approach, which may be used
on all kinds on non-solid tumors showing clonal evolution.

MATERIALS AND METHODS
Study Population

A total of eight patients with myeloid neoplasia and clonal
evolution were included in this study. The patients were
analyzed between 2011 and 2021 at our department. The
ethical review boards of Hannover Medical School approved
this study and all patients gave their written consent. Our cohort
was analyzed at one or more time points. All results of performed
analyses as well as clinical data are shown in Table 1 and in more
detail in Table S1.

Karyotyping and Fluorescence In-Situ
Hybridization (FISH) Analysis

Cytogenetic and molecular cytogenetic analyses were performed
on bone marrow aspirates or peripheral blood cultures.
Chromosome preparation and fluorescence R-banding were
performed as described previously (21, 22). Altogether,
whenever possible, 15 to 25 metaphases were examined per
patient. The karyotype was described according to guidelines
of the International System for Human Cytogenetic
Nomenclature (23). Depending on the cytogenetic aberrations
in each patient, FISH analyses on interphase nuclei were
performed using: (1) break apart probes for the loci 3q26
(EVI1 (MECOM) Break Apart; Cytocell, Cambridge, UK),
11923 and 12p13 (Vysis MLL and ETV6 FISH Probe Kit;
Abbott, IL, USA); (2) dual color probes for the loci 5p15.2,
5931, CEP7, 7q31, 9q34.1, 17p13.1, CEP17, 22q11.2 (Vysis
EGR1/D5S23, D5S721, D75486/CEP7, BCR/ABL and TP53/
CEP 17 FISH Probe Kit; Abbott); and (3) single color probe
for the locus 20q12 (Vysis D20S108 FISH Probe Kit; Abbott). At
least 200 interphase nuclei were analyzed for each probe.

Array-CGH (Array-Based Comparative
Genomic)

According to the manufacturer’s protocol (e-Array design 84704,
Agilent Technologies, Waldbronn, Germany), three patients
(patients c1, 6 and 7) were screened for CNVs by high-resolution
array-CGH. Microarray slides were scanned immediately using an
Agilent microarray scanner at a resolution of 2 um. Fluorescence
ratios were calculated using Feature Extraction Software and copy
number states analyzed using the CGH data analysis software
Genomic Workbench (Agilent Technologies).

NGS With IDT Custom Panel

DNA sequencing was performed for all patients using an IDT
custom panel (Integrated DNA Technologies Inc, Iowa, USA)
including 148 leukemia-associated genes. Sequencing was
performed on an Illumina NextSeq sequencer. All samples were
aligned against the reference genome GRCh37 using BWA mem
(24). The pipeline uses eight open-source tools for independent
variant calling. Subsequently, raw calls are automatically combined
and characterized with respect to data quality. Default settings were
used (minimum number of reads 50, minimum number of reads
with the alternate allele 20, minimum variant allele frequency VAF
0.01). Excluding low-quality calls, the remaining variants are
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TABLE 1 | Overview of analyzed patients (n=8) (All results of performed analyses as well as clinical data are shown in Table S1).

patient WHO diagnosis status cytogenetic aberrations DNA analysis NGS (somatic) treatment
#
® gene variant variant
allele
frequeny
(VAF)
#1 AML* initial del(5)(q14033), -17, add(18) ASXL1 c.2317G>T 10.83%  not known
(922),+mari,+mar2,+mar3 p.(Glu773%)
DNMT3A c.2645G>A 18.69%
p.(Arg882His)
IDH1 €.394C>T 13.85%
p.(Arg132Cys)
TP53 c.427G>A 20.49%
p.(Val143Met)
#2 MDS*2 initial +8,+10 BCOR C.4639+1G>A 66.76%  Azacitidine plus Venetoclax
DNMT3A c.2645G>A 39.43%
p.(Arg882His)
KRAS ¢.34G>C 4.03%
p.(Gly12Arg)
SF3B1 ¢.2098A>G 1.31%
p.(Lys700Glu)
STAG2  ¢.3362_3365dup 52.12%
p.(Ser1123Hisfs*14)
U2AF1 c.101C>T 31.50%
p.(Ser34Phe)
#3 t-MN*6 initial 1(9;20)(q11;911),t(12;22)(p13; NF1 €.2033del 49.52%  CPY-351, allogenic stem cell planned
qll) p.(Pro678Arg*10)
#4 t-MN initial del(5)(a14034),+8,i(8)(a10)x2 IDH2 c.419G>A 46.79%  Azacitidine plus Venetoclax
p.(Arg140GIn)
RUNX1 — ¢.420T>G 43.00%
p.(Ser140Arg)
SRSF2  ¢.284C>T 39.78%
p.(Pro95Leu)
TET2 c.1455del 47.20%
p.(Asn486Thr*11)
TET2 €.3473del 41.43%
p.(Ala1158GIu*68)
TP53 c.844C>T 90.92%
p.(Arg282Trp)
progression  1(2;3)(p23;027),del(5)(q14934),del  IDH2 Cc.419G>A 33.28%
(7)(921),+8,i(8)(q10)x2 p.(Arg140GIn)
KRAS ¢.35G>C 1.96%
p.(Gly12Ala)
NRAS ¢.35G>C 1.70%
p.(Gly12Ala)
PTPN11  ¢.1508G>C 2.80%
p.(Gly503Ala)
RUNX1  ¢.420T>G 38.29%
p.(Ser140Arg)
SRSF2  ¢.284C>T 40.88%
p.(Pro95Leu)
TET2 €.1398_1402dup 511%
p.(His468Leu*20)
TET2 c.1455del 44.10%
p.(Asn486Thr*11)
TET2 €.3473del 36.71%
p.(Ala1158GIu*68)
TP53 €.844C>T 74.41%
p.(Arg282Trp)
#5 AML initial t(4;14;11)(922;032;923),add(10) ~ ASXL1 c.2077C>T 0.68% 7+3
(p14) p.(Arg693%)
KRAS c.38G>A 0.35%
p.(Gly13Asp)
NRAS 0.50%
(Continued)
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TABLE 1 | Continued

patient WHO diagnosis status cytogenetic aberrations DNA analysis NGS (somatic) treatment

#

® gene variant variant

allele
frequeny
(VAF)
c.182A>G
p.(GIn61Arg)
progression  t(4;14;11)(022;032;923),+der(4)t ~ ASXLT c.2077C>T 7.84%
(4;14;11),+8,+9,add(10)(p14), p.(Arg693%)
+19,+21 KRAS c.38G>A 7.59%
p.(Gly13Asp)
NRAS c.182A>G 5.34%
p.(GIn61Arg)

#6 initial: MPN*3; 6- initial - JAK2 €.1849G>T 73.76%  Hydroxyurea & phlebotomy/blood
years later: p.(Val617Phe) letting; ~6 years later: Jakavi
suspicion on Progression add(5)(q12),-7,-13,del(14) JAK2 €.1849G>T 97.53%
sAML*4 (912931),der(17)t(13;17)(021; p.(Val617Phe)

p12) TP53 c.814G>A 19.56%
p.(Val272Met)
progression  add(2)(a37),add(5)(q12),-7,-13, JAK2 €.1849G>T 98.12% 11 cycles Azacytidin + 2 cycles LD Ara-
del(14)(q12q31),der(17)t(13;17) p.(Val617Phe) C
(g21;p12),del(20)(q12q13) TP53 c.814G>A 23.36%
p.(Val272Met)

#7 sAML from initial ins(9;12)(q34;p12p13),+12 no variants detected 7+3 plus Dasatinib, allogenic Tx

atypical CML*5 progression  +X,ins(9;12)(q34; p12p13), +11,  no variants detected
+12,del(12)(p13),+19
remission - no variants detected
relapse der(7)t(7;9)(q35;021),ins(9;12) no variants detected
(34;p12p13),+12
#8 AML without initial del(9)(021931) NRAS c.37G>C 12.69%  7+3, allogenic transplantation, after
matu-ration p.(Gly13Arg) rezidive: FLA-V-IDA (=FLAG-IDA with
Venetoclax) plus donor lymphocytes
WwT1 ¢.1136_1142dup 23.26%
p.(Ala382Thr*5)
remission - no variants detected
relapse (1;16)(p12;921),del(9)(@21931) NRAS c.37G>C 12.78%
p.(Gly13Arg)
NRAS c.37G>T 5.03%
p.(Gly13Cys)
WT1 c.1141_1144dup 4.51%
p.(Ala382Val*4)
WT1 ¢.1136_1142dup 11.35%
p.(Ala382Thr*5)
WT1 c.1128dup 1.48%
p.(Thr377Asp*8)
WwT1 ¢.1110dup 3.69%
p.(Val371Cys*14)
progression  t(1;16)(p12;g21),7add(9)(p12),del  NRAS c.37G>C 17.38%
(9)(@21931),add(10)(p12),add(17) p.(Gly13Arg)
(922) NRAS c.37G>T 4.93%
p.(Gly13Cys)
wr1 c.1141_1144dup 4.03%
p.(Ala382Val*4)
WwT1 ¢.1136_1142dup 17.18%
p.(Ala382Thr*5)
WT1 c.1128dup 4.76%
p.(Thr377Asp*8)
WwT1 ¢.1110dup 4.96%
p.(Val371Cys*14)
remission - no variants detected

*1 AML, acute myeloid leukemia; *2 MDS, myelodysplastic syndrome; *3 MPN, myeloproliferative neoplasm; *4 sAML, secondary AML; *5 CML, chronic myeloid leukemia
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further characterized (e.g. presence in common databases and in
silico effect prediction). Combining all information, an artifact- and
a polymorphism score is calculated for every SNV and small indel.
The scores allow for automatic classification of the calls as true
variants, polymorphisms and artifacts. Additionally, all detected
variants were manually checked using the Integrative Genomics
Viewer (IGV) to confirm automatic classification (25, 26). All
detected variants were classified according to the standards and
guidelines of the American College of Medical Genetics and
Genomics (ACMG) (27). Here, we report only variants of
unknown significance (VUS), likely pathogenic and
pathogenic variants.

Bioinformatic Approach

SNVs and short indels were detected using targeted NGS and
variant calling pipeline appreci8 (28). SVs and CNVs were
detected performing karyotyping, FISH and array-CGH
analysis. Clonal evolution was reconstructed manually,
integrating all mutational information on SNVs, indels, SVs
and CNVs as described in Reutter et al. (29). The results were
visualized by fishplots (30). In short, percentages of cancer cell
fractions (CCFs) for SNVs and indels were estimated based on
VAFs, assuming heterozygous variants (2*VAF=CCEF).
Percentages of CCFs for SVs and CNVs were estimated based
on cell counts reported for karyotyping and FISH analyses. For
SVs and CNVs that were only detected in array-CGH
percentages of CCF were estimated based on log,Ratio of
fluorescence intensities for reference versus tumor probes. In
case of CNVs overlapping the position of an SNV or indel, the
calculation of CCF is less straightforward. Altogether, we
differentiate between three possible scenarios:

Scenario 1: The CNV occurred prior to the SNV/indel, but in the
same cells.

Scenario 2: The SNV/indel occurred prior to the CNV, but in the
same cells.

Scenario 3: SNV/indel and CNV exist in parallel, independent of
each other.

We defined w as the ratio of cells featuring a CNV and an
SNV/indel. Analogously, x, y and z were defined in the same
manner. The sum over all cell ratio was always w+x+y+z=1.0.
Furthermore, the known CCF for the CNV was defined as
CCFcny=w+x. Additionally, two formulas were derived from
the model (see Figure 1A):

VAFSNV/indeZ = (Cnvvulue - W +y)/ (1)

(1-w+1l-x+2-y+2-z) if CNV is deletion

VAFSNV/indel = (Cnvvalue Wt }’)/ (2)
B-w+3-x+2-y+2-2) if CNV is duplication

We defined cnv,,;,. as a parameter to model the number of
alleles with the SNV/indel depending on the CNV. For scenarios
1 and 3 the cnv,,y,,.=1 and for scenario 2 the cnv, 4, can be 0, 1 or
2. Dependent on the three scenarios we considered, the two
equations may be further simplified: For scenario 1, the CNV
occurring prior to the SNV/indel, y=0 (see Figure 1B). Thus,
CCFcnyv=w+x and CCFsnv/ingei=Ww. As VAFsnv/inder 18 also
known, w and CCFgyvy/inger can be easily determined. For
scenario 2, a distinction of cases has to be made. Both, the
allele with or without SNV/indel may be affected by CNV.
Regarding deletions, cnv,,,,.=0 if the allele with SN'V/indel is
deleted, and cnv,,;,,.=1 if the allele without SN'V/indel is deleted.
Regarding duplications, cnv,,,,.=2 if the allele with SN'V/indel is
duplicated, and cnv,, =1 if the allele without SNV/indel is
duplicated. Additionally, x=0, so CCFcyy=w. The unknown

SNV/Indel
+ -

@[ e
| ]G]

CCFsnv/indel 1

CNV

Scenario 1:
first CNV, then SNV/indel

Deletion I

Scenario 2:
first SNV/indel, then CNV

PO®

Scenario 3:
SNV/indel and CNV in parallel

If CNV is a deletion:

(€NVyatues WHY)

VARswimsel = w4 1x + 2y + 22)

Duplication
If CNV is a duplication:

.- _ (enV,oiue * WHy)
SNV/indel = (3w +3x + 2y + 22)

) man

O (®
® (®

FIGURE 1 | Overview of cell types in case of a CNV overlapping the position of an SNV/indel. (A) Color scheme used for 4 possible cases. (B) Differentiation

between the three possible scenarios.
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value of y and thus CCFsyny/inge=w+y can be determined using
VAFsnv/inger following the distinction of cases. For the third
scenario of SNV/indel and CNV occurring in parallel,
independent of each other, w=0. Thus, CCFcyy=x and
CCFsnvyinder=y- As VAFsnvyinge is known, the unknown value
of CCFsnvyinder can be determined. Although CCFsnvyinger can
always be determined using the above-mentioned formulas, the
result may not always be distinct. Information on whether the
CNV occurred prior or after the SNV/indel is in general not
available. Therefore, for application of our approach, all
scenarios have to be considered and four possible values for
CCFsnvyindel have to be calculated. Scenarios may be excluded if
the basic assumption w+x+y+z=1.0 is violated.

RESULTS

Eight patients with myeloid neoplasia were comprehensively
analyzed using karyotyping, fluorescence in situ hybridization
(FISH), and a custom NGS panel. In addition, array-CGH
analysis was performed whenever possible. All patients showed
clonal evolution with many genomic variants, either at the initial
time point and/or during the course of the disease.

Identification of Linear Clonal Evolution in
Patients Analyzed at One Time Point

In order to show that clonal evolution can be reconstructed and
visualized even when only one time point is available, we examined
three patients (patient 1, 2 and 3) with the aforementioned
bioinformatic approach. The total number of aberrations in a
patient ranged from 3 (patient 3) to 11 (patient 1). Due to this
approach it was possible to determine clones by clustering mutations.
These clones were sorted according to CCF, in order of their
appearance. Through reconstruction and visualization of clonal
evolution it was possible to identify the initial clone (stemline) as
well as the passenger aberrations for all patients. For example, patient 1
(AML) showed a deletion in 5q (del(5)(q14q33)) in the initial clone,
patient 2 (MDS) showed a trisomy 8 as well as a pathogenic variant in
DNMT3A in the initial clone, and patient 3 (therapy related myeloid
neoplasm) showed a translocation t(12;22) in combination with a
pathogenic variant in NFI in the initial clone (see Figure 2 and
Table 1/S1). The total number of clones in a patient ranged from 2
(patient 3) to 7 (patient 1). In summary, our approach was successful
in identifying linear clonal evolution in all patients.

Identification of Different Clonal Evolution
Models (Linear, Branching or Neutral) in
Patients Analyzed at More Than One

Time Point

Next, we analyzed five patients where data was available for more
than one time point (2 to 5 time points of analysis) to show that the
bioinformatic approach can reconstruct different models of clonal
evolution. At each time point, all patients were analyzed by a
combination of methods, including karyotyping, FISH and a
custom NGS-Panel. The estimated therapy effect was included in
the reconstruction of clonal evolution. The approach reconstructed

a distinct model of clonal evolution for patients 5, 7 and 8 (see
Figures 2C-E). Patient 5 was analyzed at two time points - initial
and progression. The bioinfomatic approach reconstructed a linear
clonal evolution pattern. The initial clone showed a translocation t
(4;14;11) and a structural aberration in chromosome arm 10p (add
(10)(p14)). At this time point, pathogenic variants in KRAS, ASXL]I
and NRAS were identified with a very low percentage of CCF (close
to 1%). However, the pathogenic variants were only identified by
deep sequencing. At the second time point (progression),
additional chromosome aberrations (+der(4)(4;14;11), +8, +9,
+19 and +21) were identified and this subclone became the
mainline (see Figure 2D). Patient 7 was analyzed at four time
points - initial, progression, remission and relapse. Stem cell
transplantation was performed between the third and fourth time
point of analysis. The initial clone showed an insertion of a segment
of chromosome 12 into chromosome 9 (ins(9;12)) and a trisomy
12. At time point two, the percentage of cells only harboring the
stemline’s mutations were greatly reduced (~5%) and a subclone
developed. This clone showed a deletion in 12p (del(12)(p13)) and
a trisomy 11, 19 and X. For the subclone, the approach calculated
linear clonal evolution. At time point three, the subclone was no
longer detectable, but a new subclone was identified at time point
four. This subclone presented a derivative chromosome 7 with a
translocation t(7;9) (der(7)t(7;9)(q35;q21)). At this time point, the
clonal evolution pattern of patient 7 changed from linear to
branched (see Figure 2E). Patient 8 was analyzed at five time
points - initial, remission, progression, relapse and remission. Stem
cell transplantation took place between the first and second time
point. The initial clone showed a deletion in 9q (del(9)(q21q31))
and a subclone with a likely pathogenic variant in WT1 as well as a
pathogenic variant in NRAS. At this time point, a linear evolution
pattern was reconstructed. At time point two, after stem cell
transplantation, no variants were detected - neither by
karyotyping nor deep sequencing. However, the aforementioned
variants were present at time point three (progression). At this time
point, a linear clonal evolution pattern was reconstructed in one
subclone (light red). Furthermore, four additional subclones were
observed. All subclones developed independently of the initial
clone with a deletion in 9q (del(9)(q21q31)). At the fourth time
point of analysis, three additional subclones were detected. The
clonal evolution pattern of patient 8 changed from linear to neutral.
At the last time point of analysis (remission), no variants were
detected (see Figure 2F). In summary, a linear evolution pattern
was reconstructed for patient 5, a branched evolution pattern was
reconstructed for patient 7 and a neutral evolution pattern was
reconstructed for patient 8.

Reconstruction of clonal evolution in patients 4 and 6 showed
more than one possible clonal evolution pattern. All possible
versions of reconstruction are shown in Figure 3. Patient 4 was
analyzed at two time points (initial and progression). The initial
clone showed a deletion in 5q (del(5)(ql4q34)). Additionally,
four subclones developed. At this time point, patient 4 showed a
linear clonal evolution pattern. At time point two, four additional
subclones were detected and the evolution pattern changed from
a linear to a branched evolution pattern. Although the model of
clonal evolution might be clear, it was not possible to reconstruct
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FIGURE 2 | (A-C) Reconstruction of clonal evolution of three patients analyzed at one time point. (D-F) Clonal evolution patterns of patient 5 (linear evolution),
patient 7 (branched evolution) and patient 8 (neutral evolution). Y-axis represents the percentage of clone size, black triangles indicate the analyzed time point and

the precise subclonal relationship. The smallest subclone with
(likely) pathogenic variants in KRAS, NRAS and PTPN11 showed
a low percentage of CCF (5%). Based on the available data, the
parent clone of the smallest subclone cannot be definitely
determined and, therefore, patient 4 showed three possible
versions of branched evolution patterns (see Figure 3A).
Patient 6 was analyzed at three time points — initial and two
progression time points. The initial clone showed a pathogenic
variant in JAK2. At the second time point of analysis, we
identified two events: (1) a likely pathogenic variant in TP53
and (2) a derivative chromosome 17 resulting in loss of TP53 (der

(17)t(13;17)(q21;p12)) with further aberrations. Based on the
available data, it was not possible to reconstruct which of the
two events took place first. Furthermore, it was not possible to
calculate if both events affected the same allele or different alleles.
As described in Materials and Methods, four different cases have
to be considered (see Figure 1A). Two out of four cases were in
line with the basic assumption w+x+y+z=1.0. Both cases were
confirmed by the observed percentages of CCF and VAFs at the
time points one and two of analysis. According to the first case,
the CNV event took place first, followed by the likely pathogenic
variant in TP53. Both aberrations affected different alleles. For
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this case, a branched clonal evolution pattern was reconstructed
(see Figure 3B). Mathematically, it is also possible that the point
mutation in TP53 took place first and subsequently the mutated
allele was affected by the deletion. For this case, a linear clonal
evolution pattern was reconstructed. However, a biallelic
inactivation of TP53 frequently occurs during disease
progression of hematologic neoplasms (e.g. MDS) (31). In
summary, three possible branched evolution patterns were
reconstructed for patient 4, and two models of clonal evolution
(linear and branching) were reconstructed for patient 6.

DISCUSSION

In this study we propose a bioinformatic approach to analyze
clonal evolution and the genetic architecture comprising SNVs,
indels and SVs, especially CNVs in patients with myeloid
neoplasia. In order to show the possibility of reconstruction and

visualization of clonal evolution at one time point of analysis, we
analyzed three patients with myeloid neoplasia. Here, all patients
showed a linear clonal evolution pattern. Furthermore, with this
bioinformatic approach, we addressed all alterations that may play
a role in the pathogenesis of the disease (driver) and alterations,
which may occur during disease development (passenger). For
example, patient 1 and 2 showed a DNMT3A®**? mutation at the
initial time point of analysis. Pathogenic variants in DNMT3A
occur in ~30% of AML patients and studies of clonal architecture
have shown that pathogenic variants in DNMT3A occur as an
early event in leukemogenesis. For that reason, DNMT3A could be
a possible therapeutic target in the future (32).

In recent years, several targeted therapies have been approved
for the treatment of patients with myeloid neoplasia. For
example, the development of genome sequencing has identified
numerous somatic alterations in patients with AML. Some of
these alterations (“actionable mutations”) can be targeted by
specific drugs to improve the outcome of the patients (33, 34).
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For example, patient 1 had an IDHI®"** mutation, which can be

found in 5-10% of AML patients. Patients with an IDHI®'"*?
mutation can be treated with ivosidenib. A recent study has
shown that in these patients single-agent ivosidenib treatment
leads to a complete remission (CR) or CR with incomplete
haematological recovery rates of 42.4% (5). A phase trial study
has analyzed a cohort of AML patients with a pathogenic variant
in IDH1, which were treated with ivosidenib-and-azacitidine or
with placebo-and-azacitidine. Patients treated with ivosidenib-
and-azacitidine showed a significantly longer event-free survival
and overall survival (24.0 month vs. 7.9 month) in comparison to
patients treated with placebo-and-azacitidine (35). In addition,
Bolton et al. have analyzed the clonal hematopoiesis in patients
with therapy-related myeloid neoplasms. The study has shown
that pathogenic variants show a different clonal evolution based
on exposures (e.g. radiation, topoisomerase II inhibitors), for
example, clones with pathogenic variants in DNA damage
response genes outcompetes other clones (36). Thus,
reconstruction of clonal evolution as well as identification of
driver and passenger alterations allow a better understanding of
the mechanisms of leukemogenesis and improvement of (future)
treatment strategies (personalized therapy).

We analyzed five patients at more than one time point to show
that the approach can reconstruct different models of clonal
evolution (i.e. linear, branching and neutral evolution). For all of
these patients the estimated therapy effect was included. The
analyzed data of three out of these five patients allowed a distinct
reconstruction of clonal evolution (patients 5, 7 and 8). Linear
evolution is characterized by a dominant clone which overgrows
the ancestral clone after acquisition of additional mutations in a
stepwise manner (3, 4) - a linear mutation pattern was
reconstructed for patient 5. Branching evolution is characterized
by the occurrence of different subclones from on ancestral clone (3,
4) - as detected in patient 7. Neutral evolution is an extreme case of
branching evolution, which is characterized by the accumulation of
random mutations over time (16) — as was observed in patient 8. A
possible advantage of reconstructing clonal evolution could be to
show if both pathogenic variants co-occur in the same clone or in
different clones. This could influence the treatment strategy. For
example, patient 8 showed a pathogenic variant in NRAS and in
WT1I. Pathogenic variants in NRAS occur in ~12% of all AML cases
and co-occur with pathogenic variants in epigenetic modifiers
(TET2/IDH/WTI). The co-occurrence of pathogenic variants in
NRAS and WT1 showed a sensitivity to MAPK kinase inhibition,
which has been shown in patient samples and mouse models
providing a possible treatment strategy in the future (32).
Especially patients with AML show a high number of
heterogeneous pathogenic variants at diagnosis and relapse.
These pathogenic variants are organized into a hierarchy of
clones and they are able to adapt and evolve in response to
therapeutic pressure (5). In the future, the clonal evolution
pattern and genetic architecture of many patients must be
analyzed in order to learn more about therapy resistance and
new possibilities for therapy strategies to improve patient outcome.

For the remaining two patients (patient 4 and 6) the analyzed
data showed more than one possible clonal evolution pattern.

The proposed bioinformatic approach can be used to analyze the
order and occurrence of genetic alterations, which could be
relevant for treatment decisions and for the understanding of
leukemic progression. For example, patient 6 showed a JAK2/
TP53 clone at the transformation to AML, which replaced the
dominant JAK2 clone in the myeloproliferative neoplasia (initial
diagnosis). This observation is in concordance with a recent
publication, where a significant alteration in clonal architecture
or a “clonal sweep” with emergence of new dominant clone(s)
was observed with single cell sequencing (17). These
observations can be used for therapy stratification during the
disease course.

Altogether, we present a generalizable approach that enables
the combination of a wide spectrum of methods and to analyze
retrospective samples to visualize leukemic progression and
genetic architecture. Recent publications have reconstructed
clonal evolution with single cell sequencing where the available
data has allowed definitive identification of clonal architecture
(17, 19, 37). Single cell sequencing has many advantages: exact
distinction of different clones, measurement of accurate clonal
complexity or resolution of mutational order (17, 38). But there
are also many disadvantages, including limited depth of
sequencing, no possibility of analyzing retrospective samples
(no suitable material), or missing information of chromosomal
aberrations (important for treatment stratification). Even though
the used methods in this project do not offer the possibility to
analyze clonal evolution at a single cell level, the inclusion of
cytogenetic and molecular genetic alterations allow the
identification of driver and passenger alterations, which is
currently impossible using only single cell sequencing. For
future projects, a combination of methods (bulk and single
cell), including karyotyping and single cell sequencing, could
be helpful for the exact reconstruction of clonal evolution.

In conclusion, this bioinformatic approach offers the
possibility of analyzing clonal evolution and the order and
occurrence of many cytogenetic and molecular genetic
alterations (genetic architecture) at one or more time points of
analysis. Different models of clonal evolution (i.e. linear,
branching and neutral) can be reconstructed with this
approach. As the approach describes integration of data for
reconstruction of clonal evolution in general, its application is
not limited to myeloid neoplasms. Instead, it may be applied on
all kinds of non-solid tumors showing clonal evolution. The
visualization of the results in fishplots contributes to a better
understanding of genetic architecture and leukemic progression.
This approach helps to identify possible targets for the disease
(personalized therapy) and can be used to identify markers in
order to assess minimal residual disease.
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Introduction: A variety of biomarkers are considered for diagnosis (e.g., p2-
microgobulin, albumin, or LDH) and prognosis [e.g., cytogenetic aberrations detected
by fluorescence in situ hybridization (FISH)] of multiple myeloma (MM). More recently,
clonal evolution has been established as key. Little is known on the clinical implications of
clonal evolution.

Methods: We performed in-depth analyses of 25 patients with newly diagnosed MM with
respect to detailed clinical information analyzing blood samples collected at several time points
during follow-up (median follow-up: 3.26 years since first diagnosis). We split our cohort into
two subgroups: with and without new FISH clones developing in the course of disease.

Results: Each subgroup showed a characteristic chromosomal profile. Forty-three
percent of patients had evidence of appearing new clones. The patients with new
clones showed an increased number of translocations affecting chromosomes 14 (78%
vs. 33%; p = 0.0805) and 11, and alterations in chromosome 4 (amplifications and
translocations). New clones, on the contrary, were characterized by alterations affecting
chromosome 17. Subsequent to the development of the new clone, 6 out of 9 patients
experienced disease progression compared to 3 out of 12 for patients without new
clones. Duration of the therapy applied for the longest time was significantly shorter within
the group of patients developing new clones (median: 273 vs. 406.5 days; p = 0.0465).

Discussion: We demonstrated that the development of new clones, carrying large-scale
alterations, was associated with inferior disease course and shorter response to therapy,
possibly affecting progression-free survival and overall survival as well. Further studies
evaluating larger cohorts are necessary for the validation of our results.

Keywords: multiple myeloma, clonal evolution, survival, prognosis, chromosomal alteration
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1 INTRODUCTION

Multiple myeloma (MM) is a hematologic malignancy
characterized by monoclonal expansion of plasma cells in the
bone marrow (1). Clinical presentation is very heterogeneous,
ranging from a rather indolent course to clinically aggressive
plasma cell leukemia.

The diagnostic criteria of MM have expanded in recent years
and now include biomarkers for disease malignancy such as bone
marrow plasma cell count, free light chain ratio, and number of
focal lesions on MRI, in addition to the well-established CRAB
criteria (2).

The prognostic significance of cytogenetic aberrations is well
described; t(4;14), t(14;16), and del(17p) are included in Revised
International Staging System (R-ISS) risk stratification (3, 4). A
change in the mutational profile or clonal composition between
two or more time points is referred to as clonal evolution (5, 6).
Models describing clonal evolution can be categorized as linear,
branched, punctuated, or neutral (7).

The molecular basics of clonal evolution in MM have been
studied and reviewed in depth (5, 8-10). It has been observed
that the complexity of the MM tumor genome increased over
time (11) and that cytogenetic heterogeneity is of prognostic
significance in newly diagnosed MM patients treated with
bortezomib (12). However, more information on clinical
implications of clonal evolution is needed.

We hypothesize that patients with MM, characterized by new
clones emerging after first diagnosis, show poor prognosis
compared to patients without new clones. We define a new clone
as a gain of aberrations and, thus, increased heterogeneity of a
tumor. The gain can affect both healthy cells, leading to branched
clonal evolution with independent clones, or clones already present
at first diagnosis, leading to a derivative of these clones. To explore
our hypothesis, we analyzed a set of 25 patients with MM, split into
two subgroups: with or without new clones. For these patients, we
correlated clinical data on progression, chromosomal profiles, blood
parameters, and therapies, based on blood samples collected at
several time points during follow-up.

2 METHODS

2.1 Study Population
A cohort of 25 patients with MM and comparable therapies
applied, treated at the University Hospital Miinster, was
analyzed. All data were collected and analyzed in accordance
with relevant ethical guidelines and principles of the Declaration
of Helsinki. The ethical review boards of the University of
Miinster and the Arztekammer Westfalen-Lippe approved this
study (2018-452-f-S). All patients gave their written informed
consent. Detailed information on every patient is provided in
Supplementary Table 1; a summary of the study population’s
main characteristics is provided in Supplementary Table 2.
Data were collected between December 2014 and March 2021.
All patients were monitored starting with first diagnosis of MM
(exceptions: for UPN09, information on laboratory parameters and

therapies applied was available at diagnosis of a plasmocytoma, 2
years prior to diagnosis of MM; for UPN16, information on
laboratory parameters was available 4 months prior to first
diagnosis of MM). Median time of follow-up after first diagnosis
of MM was 3.62 years (IQR = 2.01-5.00 years). Forty percent of
patients were female. At first diagnosis, patients were in median 58
years old (IQR = 53-64 years). Nine out of 25 patients received
autologous stem cell transplantation (SCT). Five overall survival
(OS) events occurred during follow-up (see Section 2.4 Statistical
Methods for the definition of OS). Since this was the primary
endpoint of the study, data on cytogenetic aberrations were available
for all patients at several time points. Analyses on blood samples of
the patients were performed between 2014 and 2021 at the Institute
of Human Genetics Miinster. A median of 3 samples per patient
was analyzed during follow-up (range: 1-11 analyses during follow-
up). Additionally, information on therapy and laboratory
parameters (kK and A light chains measured in serum), lactate
dehydrogenase (LDH), and gradient of monoclonal protein (M-
gradient) was available for every patient at several time points
during follow-up. A visual summary of available data is provided in
Supplementary Figure 1, detailed information on laboratory
parameters is provided in Supplementary Figures 2-4.

Based on clonal evolution, we split up our cohort into two
subgroups: For subgroup 1, no new clones were detected in the
course of disease (patients UPNO5 to 16) based on cytogenetic
findings using the fluorescence in situ hybridization (FISH)
approach. All clones were already present at first analysis with
FISH. For subgroup 2, at least one completely new clone was
developed in the course of the disease, which was not detected at
any previous time point (patients UPN17 to 25); i.e., a gain of
aberrations occurred. Four patients (UPNO1 to 04) were
excluded from subgroup analysis, because they had no follow-
up FISH samples available.

2.2 Fluorescence In Situ Hybridization
Analysis

FISH was performed as described previously (13, 14). Briefly,
CD138-purified plasma cells were analyzed. The following
commercial available probes from Cytocell (Cytocell,
Cambridge, UK), MetaSystems (MetaSystems Probe GmbH,
AltlufSheim, Germany), CytoTest (CytoTest, Rockville, USA),
and Abbott Molecular (Abbott, Green Oaks, USA) were used:
Cytocell CKS1B/CDKN2C (P18) Amplification/Deletion Probe
(1p32.3, 121); Cytocell D13S319 Plus Deletion Probe (13q14.2,
13qter); MetaSystems XL TP53/NF1 Deletion Probe (17p13.1,
17q11.2); MetaSystems XL Iso(17q) Deletion Probe (17p13,
17q22); MetaSystems XL MYC BA Break Apart Probe (8q24);
MetaSystems XL E2A Break Apart Probe (19q13); CytoTest
NSD1/TERT FISH Probe Kit (5q35, 5p15); Abbott Molecular
LST ATM/CEP11 11 FISH Probe (11cen, 11q22); Cytocell probes
for centromeric regions (D3Z1, D7Z1, D9Z3, D15Z4);
Cytocell IGH/FGFR3 Plus Translocation, Dual Fusion (4p16.3,
14q32.33); Cytocell IGH/MAF Translocation, Dual Fusion
(14932, 16q23); Cytocell IGH/MAFB Translocation, Dual
Fusion (14932, 20q12); Cytocell IGH/MYEOV Translocation,
Dual Fusion (11q13, 14q32); and Cytocell IGH Plus Breakapart
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Probe (14q32.33). At least 100 interphase nuclei were analyzed
for each probe (exception: UPN15 at time point 1: 81 nuclei, time
point 2: 56 nuclei). Cutoff levels for all probes were ~5%. Read
out was done by human genetics experts in Miinster.

2.3 Clonal Evolution

For every patient, data on present and absent chromosomal
aberrations were available for 1 to 11 time points. As alterations
were determined using FISH, the number of cells affected by
alteration divided by the total number of evaluated cells
corresponds to the cancer cell fraction (CCF). Clonal evolution
was manually reconstructed based on CCF (15). To reconstruct
clonal evolution also in the presence of a few time points, we
applied an approach estimating the clonal development between
measured time points (16). Detailed information on detected
alterations, CCFs, and assigned clusters is available in
Supplementary Table 3.

2.4 Statistical Methods
Plots visualizing clonal evolution were generated using R 4.1.2
(17) and R package “fishplot” (18). Complex plots were
developed, combining fishplots with diagrams visualizing
therapy information and laboratory parameters over time. In
case clonal evolution could not be reconstructed uniquely based
on available data, all possible versions were reported. Plots for
every patient are available as Supplementary Figures 5-29.
Analysis of progression-free survival (PFS) and OS was
performed using R 4.1.2 (17). For PFS, we analyzed the time
between first diagnosis and first progression. Additionally, we
considered the time between last FISH (subgroup 1)/FISH
detecting the new clone (subgroup 2) and next progression.
For OS, we analyzed the time between first diagnosis and death
of a patient. Kaplan—Meier curves were calculated using R 4.1.2
(17) and R packages “survival” (19) and “survminer” (20).

3 RESULTS

In this study, we analyzed clonal evolution in patients with MM,
aiming at identifying differences with respect to disease
progression, distinct chromosomal profiles, laboratory
parameters, and response to therapy.

3.1 Disease Progression
Figure 1A provides an overview of follow-up, time points of
performed FISH, and progression data.

For 8 out of 12 patients (67%) in subgroup 1 (without new
clone), disease progression could be observed. Similarly, 6 out of
9 patients (67%) in subgroup 2 (with new clone) experienced
progression in the course of follow-up. Investigating whether
disease progression takes place earlier in subgroup 2, we analyzed
PFS (time between first diagnosis and first progression).
However, no significant results could be obtained (Figure 1B;
p =0.6).

Two out of 12 patients (17%) in subgroup 1 died within our
observation period. In contrast, 3 out of 9 patients (33%)

deceased in subgroup 2. Analysis of OS (time between first
diagnosis and death of a patient) did not indicate significant
differences between both subgroups (Figure 1C; p = 0.51).

Additionally, we consider PFS in relation to analysis of
chromosomal alterations. The time span between last FISH
(subgroup 1) or detection of the new clone (subgroup 2), and
the next subsequent progression (Figure 1D) is evaluated. Four
out of 12 patients in subgroup 1 (patients UPNO5, 06, 10, and 12)
and 3 out of 9 in subgroup 2 (patients UPN18, 20, and 22) never
experienced any progression within time of follow-up.
Additionally, 5 out of the remaining 8 patients in subgroup 1
did not experience any further disease progression subsequent to
last FISH. Analysis of PFS did not reveal any significant
differences between both subgroups (p = 0.45). Subsequent to
the development of the new clone, 6 out of 9 patients experienced
disease progression compared to 3 out of 12 for patients without
new clones.

3.2 Chromosomal Profiles

Patients with MM can be characterized by specific chromosomal
profiles: Translocations involving chromosome 14 [especially t
(4;14)], gains and amplifications affecting chromosomal region
1q21, as well as deletion of 17p are indicators for adverse
prognosis (3, 4, 9, 10, 12).

Figure 2A visualizes the chromosomal profiles of all
patients considered in this study for the whole time of follow-
up (for detailed information on cytogenetic aberrations detected by
FISH, see Supplementary Table 3; for detailed information on clonal
evolution of each patient, see Supplementary Figures 5-29).
As expected, a majority of patients featured translocations affecting
chromosome 14 (12 out of 25; 48%), amplifications
affecting chromosome 1 (14 out of 25; 56%), and/or deletions
affecting chromosome 17 (9 out of 25; 36%). Additionally, 14 out
of 25 patients (56%) showed deletions in chromosome 13. For 10
out of 25 patients (40%), alterations affecting chromosome 11
(translocations and amplifications) were detected.

Comparing subgroups 1 and 2, considerable differences could
be observed. While only 33% of all patients in subgroup 1 (4 out
of 12) were characterized by translocation of chromosome 14, it
was 78% in subgroup 2 (7 out of 9; p = 0.0805). With respect to
all alterations affecting chromosome 14, a relation of 67% vs.
100% could be observed (8 out of 12 vs. 9 out of 9; p = 0.1038).
Further major differences affected translocation of chromosome
11 (17% vs. 44%; 2 out of 12 vs. 4 out of 9) and changes in
chromosome 4 (17% vs. 44%; 2 out of 12 vs. 4 out of 9).

Within subgroup 2, further differences could be observed
comparing alterations detected by the first FISH and alterations
characterizing the newly developed clones. Figure 2B visualizes
all cytogenetic aberrations characterizing the new clones. In
Figure 2C, a summary on chromosome level is provided.

It appeared striking that only 1 out of 9 patients in subgroup 2
had an initial alteration in chromosome 17. The ratio increased
to 5 out of 9 when considering newly developed clones. Similarly,
4 out of 9 patients acquired alterations in chromosome 1. By
contrast, only 1 out of 9 patients (UPN21) acquired an additional
alteration in chromosome 14 in the course of clonal evolution.
However, this patient already had a rearrangement in
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FIGURE 1 | (A) Time of follow-up for patients with 1 time point of aberration analysis (patients UPNO1 to 04), patients with >1 time point of aberration analysis and
no new clone emerging in the course of disease (patients UPNO5 to 16; subgroup 1), and patients with >1 time point of aberration analysis and a new clone
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subgroup 2. (C) Overall survival comparing subgroup 1 vs. subgroup 2. (D) Progression-free survival in relation to chromosomal alterations comparing subgroup 1
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chromosome 14 at first diagnosis. Furthermore, no new
alterations are acquired in chromosomes 4 (alterations detected
at first diagnosis in 44%; 4 out of 9), 3, 5, 8, and 18 (11% each; 1
out of 9).

3.3 Laboratory Parameters

For all patients, information on the presence of ¥ and A light
chains in serum, increased LDH activity, and gradient of
monoclonal protein (M-gradient) was available, measured at
several time points in the course of disease. Figure 3 visualizes
the development of laboratory parameters in the two subgroups.
Color indicates the time point at which measurements were
conducted. For patients without new clones, we compared values
measured prior to and after last FISH. For patients with new

clones, we compared values measured prior to and after the
development of the new clone.

For x and A light chains, no correlation between the values
measured and the time point at which they were measured could
be observed. This observation is true for both subgroups (for
details, see Supplementary Figure 2).

LDH serum levels measured in subgroup 1 were
heterogeneously distributed. The highest as well as the lowest
values were scattered over the time of follow-up, independent of
therapy. In contrast, correlation with respect to time point could
be observed for subgroup 2. In 8 out of 9 cases, the highest values
of LDH activity were measured subsequent to the development
of the new clones. However, detailed evaluation of the results
revealed that values did not show a continuous increase. Instead,
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(B) Alterations characterizing the new clones observed in patients UPN17 to 25. (C) Proportion of patients with altered chromosomes: without the new clone (dark
yellow), with the new clone before (light blue), and after (dark blue) detection of the new clone.

peaks were usually observed within 1 year after development of
the new clone. Subsequently, LDH activity decreased again until
the end of follow-up (Supplementary Figure 3). Significant
correlation to therapies applied could not be observed.

For M-gradient, no certain pattern was associated prior to the
development of myeloma or upon the development of a new
clone (for details, see Supplementary Figure 4). Patient UPN09
(subgroup 1) is an exception from this observation. A significant

increase in M-gradient can be observed (pyupnoo = 0.0065). The
patient died within less than 4 years after the first diagnosis.

3.4 Response to Therapy

For treatment of MM, a variety of therapies are available. In the
course of disease progression, time to therapy failure is known to
decrease (21).
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Figure 4 provides an overview of therapies applied in
subgroups 1 and 2 (for detailed information on therapy for
every patient, see Supplementary Figures 5-29). In general,
patients in both subgroups received comparable therapies.
However, while patients in subgroup 1 were characterized by
many therapies being applied for a long time (Figure 4A),
switches in therapy after a short time could be observed for

subgroup 2 (Figure 4B). While all patients received at least one
therapy for 2100 days, 83% (10 out of 12) received at least one
therapy for >200 days in subgroup 1 vs. 55% (5 out of 9) in
subgroup 2 (75% vs. 33% for therapies received for >300 days).

We compared both subgroups with respect to the top 5
therapies applied for the longest time (Figure 4C). Only
marginal differences could be observed for therapies 2 to 5.
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However, for the therapy applied for the longest time, subgroups
showed major differences. Analysis of our data by Mann-
Whitney U test revealed a significant difference between both
subgroups: For patients with new clones, duration of the longest
therapeutic regimes was significantly shorter compared to
patients without new clones (p = 0.0465; median subgroup 1:

406.5 days, range: 150-1,764 days; median subgroup 2: 273 days,
range: 152-434 days).

Detailed information on the duration of therapies applied
during and after development of the new clones for patients in
subgroup 2 is provided in Figures 4D, E. For two patients,
UPN19 and 20, the new clone was developed in between two
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therapeutic regimes. Five patients in subgroup 2 received SCT,
with four out of 5 right after the development of the new clone.
Immediate change in therapy after the development of the new
clone was observed for 3 patients (UPN17, 21, and 23), of whom
two died within less than 50 days.

4 DISCUSSION

Clonal evolution and—as a result—increasing clonal
heterogeneity have been studied widely in MM (22-27). It can
be observed not only during the disease course as an adaptation
to different treatments, but also at the same time point of the
disease stage with different clones being present at different
locations of the body (e.g., in focal lesions and the iliac crest;
28). Even within a compartment, such as the bone marrow, the
expression pattern of plasma cells can differ depending on their
position (29). Adding further complexity is the fact that the
patient’s treatment course can be especially heterogeneous
regarding the sequence of therapeutic regimes the patient
received. Finally, clonal evolution can be observed on a rather
large scale such as chromosomal alterations or smaller scale with
mutations or small range deletions or amplifications.

In all cases, clonal evolution contributes to the fact that the
disease course of MM is characterized by a shorter PFS from one
line of therapy to the other (21). It remains to be defined how
different clonal branches and different sites of the body at
different time points might be best detected, classified, and
accordingly treated. Yet, in clinical routine, performing whole-
genome sequencing or biopsies from different sites is not feasible
right now. Additionally, identifying these sites, e.g., by PET-CT
or MR, is equally difficult.

In this study, we performed an in-depth analysis of patients
with MM. Our analyses focused on clinical differences in patients
with and without new clones developing in the course of disease.
Clones were characterized by larger-scale alterations, which
could be detected by FISH—a method very widely established
and rather affordable in an outpatient setting. Integration of data
from a variety of sources—disease progression, chromosomal
profiles, laboratory parameters, and applied therapies—provided
us with the unique option to study the interplay of diverse
features characterizing patients with MM. The limiting factors
are that we focused on large-scale alterations, clones might have
been missed due to limited sensitivity of FISH (30), and the
disease course and treatment sequences are quite heterogeneous.
Additionally, our patient cohort is rather small. Dividing our
cohort into two subgroups—with and without new clones—
further limits the statistical power of our results.

With these limitations in mind, we could make the following
observations: In our cohort, new large-scale chromosomal
aberrations developed quite frequently (9/21 patients—43%).
Clones emerging with chromosomal aberrations frequently
featured alteration of chromosomes 1 and 17 (44% each; 77%
in total). Both chromosomes have been described to play a role in
myeloma progression, with del(17p) affecting the function of

TP53 with its known negative factor influencing the course of
hematological malignancies (31). In addition, chromosome 1
alterations have been shown to be associated with an inferior
disease course leading to the amplification of genes such as BCL9,
MCLI, CKSIB, and ANP32E. These genes are either implicated
in the inhibition of apoptosis, enhancement of cell cycle, or
epigenetic modification (9, 10, 12, 25, 32-34).

With all the limitations due to the small size of our cohort and
thus limited statistical power, emergence of a large-scale genomic
alteration negatively influenced length of response of therapy
and potentially PFS and OS, although both did not reach
significance. It also led to an overall shorter PFS to each line
subsequent to the emergence of a new clone. This observation is
in line with previously reported results on clonal evolution
negatively influencing prognosis (35). We evaluated whether
emergence of a new clone could be correlated with laboratory
findings. LDH activity reached higher peaks after clonal
evolution, although the specific courses were quite
heterogeneous, reflecting that the disease might initially
respond to therapy, but then again relapse.

Altogether, we can show that large-scale genomic clonal
evolution is associated with an inferior disease course with
shorter response duration to subsequent new lines, possibly
shorter PFS and OS. It affects, at a high degree, chromosomes
1 and 17, which confer a negative prognosis already at initial
diagnosis. These results warrant additional studies with larger
groups treated more homogeneously for confirmation. For these
groups, collection of detailed information on progression, blood
parameters, and response to therapy during follow-up is required
in addition to analysis of genomic alterations. The number of
patients analyzed is a limitation of our study. Our goal was to use
an approach to follow clonal evolution, which is widely used in a
clinical setting. We screened, in our database, more than 600
patients and only found these patients, for whom we have
consecutive FISH data combined with a variety of clinical data.
The strength of our study is that we can connect clonal status
with standard laboratory parameters and clinical outcome. Most
clinical trials focus on the specific setting with follow-up to the
next line of treatment, but long-term data over the course of
different courses are not easily available. What we show is “real-
world data” regarding frequency of large-scale genomic
alterations and that clonal evolution is, as not surprising, really
heterogeneous with regard to its association with different
clinical parameters. Yet, the search for clonal large-scale
genomic alterations can actually be achieved also in an
outpatient setting. It would then require discussion with the
patient, in which additional therapeutic steps might be required
to counteract the effect of such variation.
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The basis of the conventional gene-centric view on tumor evolution is that
vertically inherited mutations largely define the properties of tumor cells. In
recent years, however, accumulating evidence shows that both the tumor cells
and their microenvironment may acquire external, non-vertically inherited
genetic properties via horizontal gene transfer (HGT), particularly through
small extracellular vesicles (sEVs). Many phases of sEV-mediated HGT have
been described, such as DNA packaging into small vesicles, their release,
uptake by recipient cells, and incorporation of sEV-DNA into the recipient
genome to modify the phenotype and properties of cells. Recent techniques in
sEV separation, genome sequencing and editing, as well as the identification of
new secretion mechanisms, shed light on a number of additional details of this
phenomenon. Here, we discuss the key features of this form of gene transfer
and make an attempt to draw relevant conclusions on the contribution of HGT
to tumor evolution.

KEYWORDS

extracellular vesicles, exosomes, horizontal gene transfer, tumor evolution, cell-
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Introduction

Generally, it is considered that cancer cells divide by mitosis
and do not exchange DNA with each other or with the cells of
the tumor microenvironment (1, 2). The vertically inherited
mutations across successive generations largely (but not
exclusively) determine the adaptive reaction of the cell’s
progeny against the existing selective pressure and result in the
expansion or contraction of their subclones (1, 2). Recent studies
suggested that a non-vertical transmission of DNA may also
occur among the community of cancer cells (oncobiota) and
between cancer- and microenvironmental genomes (3, 4). This
process, namely horizontal gene transfer (HGT), may provide a
selective advantage for the recipient cell if the overall effects of
the transferred gene are beneficial (5). This phenomenon is
considered as a non-cell-autonomous mechanism, in which
higher genotype’s adaptive value of the recipient cell is
partially linked to the donor cells. HGT may accelerate
genomic evolution by allowing a faster adaptation in the group
of recipient cells than it would happen by vertical transfer of the
same gene (5). This exchange of genetic material occurs among
both nearby cells (as paracrine signals) and relatively distant
ones (in an endocrine manner) (3, 6). Biologically active cell-free
DNA (cfDNA), as a mediator of HGT, can be transported in
several forms in the intercellular space (Box 1). Here, we
particularly focus on the c¢fDNA-carrying lipid bilayer
membrane-enclosed extracellular vesicles (EVs) which can be
intercellular mediators of biological and cellular functions. EVs
are secreted by most (if not all) cells both under physiological
and pathological conditions (14). The cfDNA encapsulation by
EVs confers enhanced stability to the transported genomic
material (15). Thus, the increased EV secretion of cancer cells
(compared to normal ones) and the expanded appearance of
specific, clinically relevant mutations found in conveyed DNA
allow for the detection and monitoring of tumors using liquid
biopsy applications (16-18). However, the evolutionary effect of
the released mutant genes inserted into the genome of recipient
cells is less known. As we present in Box 1, EVs are divided into
different subpopulations based on their biogenesis. Given that in
most instances there is no direct evidence for the biogenetics

10.3389/fonc.2022.945376

route of a given vesicle, an operational classification based on EV
sizes can be used. From all EV subcategories, apoptotic cell-
derived large EVs (i.e., apoptotic bodies) were first described as
mediators of oncogenic HGT (6). Active secretion of the EV-
conveyed DNA associated with small EVs (sEVs, Box 1) may be
particularly important from a clinical perspective, because SEVs
from surviving cells may deliver “tried and tested” genes that
stimulate fast protective functions against the intense stress
factors. Here, we will discuss the main steps of the sSEV-DNA-
mediated HGT among donor and recipient cells in human
cancers, and where it is possible, we compare it to the
processes of normal mammalian cells. We particularly focus
on the potential biological relevance of sEV-DNA and the
controversial issues association with HGT in tumor evolution.

Release of DNA through
sEV secretion

The majority of cancers are derived from a single ancestral cell
by the generation of a diverse successor population with subclonal
architecture (1). Cancer also shapes its own microenvironment into
a supportive one (19). The developing genetic-, epigenetic-
functional- and phenotypic heterogeneity of individual cells
provides a remarkable capacity for a population to adapt to
challenging environmental conditions during cancer progression
and therapy (20, 21). HGT can significantly influence the
evolutionary trajectory of a given tumor by spreading genes
encoding for molecules which provide advantages for the cells
with suboptimal survival, expansion or metastatic capacity. EV-
mediated HGT is not a common event among healthy mammalian
cells (22). However, the fundamental differences between cancer
and normal cells may change the frequency of the EV-mediated
HGT. The first alteration in cancer can be the abnormal transport of
the genomic DNA (gDNA) from the nucleus to the cytoplasm.
Aberrant expression of nuclear membrane components,
abnormalities in chromosome segregation, and mechanical forces
from the actin cytoskeleton resulting in the rupture of the nuclear
envelope are significantly more often observed in cancer than in
normal cells, where the disintegration of the nuclear membrane is

BOX 1 Carriers of cfDNA, EV subcategories, sEVs, exosomes and non-conventionally released vesicles.

CfDNA as a mediator of HGT, can be present in different forms in the extracellular space, namely as DNA fragments, virtosomes [a complex of DNAs, RNAs,

proteins, and lipids (7)], nucleosomes (DNA wrapped around an octamer of histone proteins), or packaged into extracellular vesicles (EVs) (8). The EV nomenclature

refers to the EV biogenesis including: i) exosomes (sEVs with endosome/multivesicular body (MVB) origin; ~50-100 nm), ii) microvesicles (originated by direct

budding/blebbing from the cell surface; 100-1000 nm) and iii) large EVs including apoptotic bodies (products of apoptotic cell disassembly; 1-5 um) (9). In most
instances, only the diameter of EVs can be determined with certainty. In this review, we follow the MISEV 2018 guidelines which suggest the term sEVs for EVs
smaller than 200 nm in diameter, regardless of their origin (10). It follows from the above that the SEV term denotes a group of EVs with heterogeneous origins.
Exosomes represent a subset of SEVs which are formed intracellularly by the inward budding of the limiting membrane of endosomes/MVBs (with the intrusion of the
cytosolic components). Later, the MVBs fuse with the plasma membrane, so their intraluminal vesicles are released into extracellular space as exosomes. After the

uptake, exosomes are known to mediate a wide spectrum of effects on the recipient cell (11).

Recently, unconventional sEV release mechanisms have been hypothesized. In this case, migrasomes and en bloc released MVB-like EV clusters could possibly

serve as sources of sSEVs upon rupture of their limiting membrane (12, 13).
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transient and limited to the mitosis (23). Disruption of the
membrane barrier around the chromosomes allows gDNA to be
exposed to cytoplasmic locations outside of the nucleus (Figure 1A)
(23). Another form of delivery of gDNA to the cytoplasm may
occur through micronucleus formation (Figure 1B), when a
chromosome (or part of it) segregates improperly during mitosis
and recruits its own nuclear envelope outside of the primary nuclear
membrane (24, 25). Other, phenomena which are not studied in
association with oncogenic sEV release, such as nucleophagy might
also take a part in this process (26). Cytoplasmic or micronucleus-
enclosed gDNA can translocate into the intraluminal vesicles of
multivesicular bodies (MVBs) (27) (see exosomes in Box 1 and
Figure 1C). Although the molecular background of DNA packaging
to sEV's remains largely obscure, some interesting details have been
described recently. Such a process is the interaction of CD63
exosome-associated tetraspanin with a DNA binding protein (i.e.,
the presence of CD63-Histone H2B-gDNA complex) which
potentially plays a key role in the loading of micronuclear gDNA
into sEVs (24). The sEV release is involved in the ablation of
potentially harmful or damaged genetic material from the cell (28),
suggesting that sEV-mediated gDNA release may be at a baseline
level both in normal cells as well as cancer cells to maintain cell

10.3389/fonc.2022.945376

homeostasis. However, it is particularly important that this system
can adapt quickly to stress (e.g., genotoxic oncotherapies) by
increasing micronucleus formation and the concomitant
packaging of gDNA into sEVs (sEV-gDNA) (Figure 1D) (24).
The dynamic adaptation of sEV-mediated DNA release is further
supported by the changing quality and/or quantity of transported
genetic content (e.g., the proportion of genomic and mitochondrial
(mt) DNA, as well as the average size of DNA fragments) upon
diverse environmental effects (29, 30).

Considering that the sEVs-conveyed gDNA fragments
represent the entire host genome and contain full-length
oncogene sequences (31) (Figure 1E), they are promising tools
for the diagnosis and treatment monitoring of cancer patients by
detecting mutations characteristic of the given tumor type (32,
33). However, several recently published studies report
conflicting results on the actual DNA transport capacity of
SEVs (details in Box 2, the described secretion mechanism is
indicated in Figure 1F). As described in Box 2, some studies only
consider luminal (protected, intravesicular) DNA as a genetic
material delivered by sEVs, although DNA can also be associated
with the surface of sEVs. Therefore, the DNA transport capacity
of sEVs may be underestimated or misinterpreted.
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FIGURE 1

A simplified representation of sSEV-mediated HGT among tumor/microenvironmental cells. (A) The nuclear gDNA is discharged to the
cytoplasmic region of the EV releasing cell (left) through the rupture of the nuclear envelope or by the formation of micronucleus (the
fluorescent microscopic image shows a double-strand break (DSB) site in the micronucleus of HT-29 cell [white arrow, YH2AX staining, scale

bar: 2 um)] (B). (C) From the cytoplasm or from micronuclei the gDNA

translocates into the intraluminal vesicles (future exosomes) of

multivesicular bodies. (D) Both the gDNA content of the exosomes and their release are increased in tumor cells, especially upon the effect of
therapeutic stress. (E) The gDNA may be transferred either in the lumen of sEVs and/or on the exofacial EV surface, or independently as a non-
vesicular component. The gDNA content of sEVs might depend on their origin, like exocytosis of MVBs (D), amphisomes (F), or sEV discharge
from en bloc released MVB-like EV clusters or migrasomes (G). The red frame indicates that all listed processes (i.e., migrasome formation,
exosome secretion, amphisome exocytosis) may occur in both normal and tumor cells. (H) Uptake of the released sEVs by a recipient cell (right)
may include receptor-mediated processes (characteristic of both normal and tumor cells, indicated by a red frame). (I) In the cytoplasm, the
SEVs (or their components) may activate DNA recognition pathways e.g., cGAS/STING. (J) The EV-containing late endosomes may reach the
invaginations of the nucleus (as nuclear envelope invagination-associated late endosome/N-ALE) where its parts (probably including EV-DNA)

may enter the nucleus through nuclear pores. (K) Small vesicles (<200

nm) are also detectable in association with the nuclear membrane

invaginations (red arrowheads in electron microphotographs of HT29 colorectal cancer cells). The origin of these vesicular structures has not
been examined (scale bars: 500 nm). (L) The integration of gDNA into the recipient genome may require malfunction of the host DNA repair or
onco-suppressor mechanisms (e.g., p53, and BRCAL). Many of the processes presented here have only been described in relation to cancers.
Further studies are needed to demonstrate whether these occur in healthy cells.
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BOX 2 Questions about the ability of sEVs to transport DNA.

It is generally accepted that sEVs carry higher amounts of double-stranded DNA as compared to the single-stranded one determined by using DNases that
differentially recognize and digest the two types of DNA (such as Shrimp dsDNase and S1 nuclease) (16). Besides gDNA, the full mitochondrial genome is also
identified in SEVs (34, 35). Furthermore, enhanced amounts of sEV-associated mtDNA and tumor-specific gDNA have been described in the blood of cancer patients
(35, 36). This latter property allows sEV-based identification of informative mutations from liquid biopsy applications, supporting the early detection and diagnosis of
cancer as well as monitoring the treatment response (15). This established view is questioned by the suggestion that DNA released by cells is localized in DNasel-
sensitive, non-vesicular structures (nucleosomes) released by the exocytosis of amphisomes (37). Although the release of other non-membranous, small (~ 30 nm)
nanoparticles (i.e., exomers) has also been described, the authors have detected DNA in sEVs with cell-type-specific relative abundance (38). Furthermore, many
earlier studies used DNase treatment for the examination of luminal (protected) DNA [e.g., (22, 31, 35, 39)]. Importantly Thakur et al. described that the large (> 2.5
kb) double-stranded DNA fragments bind to the exofacial surface of exosomes, while the size of the luminal DNA fragments ranges from 100 bp to 2.5 kbp (16).

Although DNase treatment has confirmed the presence of luminal DNA content in sEVs in these studies, the question arises whether the DNA removed from the
exofacial surface can indeed be classified as an artifact or the surface-associated DNA cargo is a native property of sEVs. This latter possibility was confirmed by an
artificial selection pressure induced release of both DNA and DNA-binding proteins on the exofacial surface of sEVs in vitro (29). Based on this observation, it should
be considered, that although DNase digestion removes potential foreign contaminants of sEVs, it may also eliminate the external, physiological, or pathophysiological
DNA cargo from their exofacial vesicular surface.

Conceivably, we propose, that DNA from the microenvironment may also be transferred onto the sEV surface in the extracellular space (as part of a

10.3389/fonc.2022.945376

biomolecular corona). Thus, the genetic information carried by an sEV is not necessarily limited to a single EV donor cell.

The DNA cargo has been reported to be present only in a
small proportion of SEVs (~10% in vitro, ~1% in vivo) (16, 24)
suggesting that these vesicles are heterogeneous in this respect.
This heterogeneity has also been confirmed using high-
resolution iodixanol density gradients, discriminating high-
density sEV fraction with enriched DNA content and a low-
density sEV fraction which carried minor quantities of DNA
(40). Because the sEV fraction separated by ultracentrifugation
can be derived from multiple cell sources, we need to emphasize
the heterogeneity both within sEVs of the same biogenetic origin
(e.g., exosome subpopulations) and sEVs released from different
subcellular structures (i.e., MVBs, migrasomes, MVB-like EV
clusters, Figure 1G, Box 1).

Probably, the packaging of the genomic nuclear content to
sEVs cannot be simplified to a yes/no question. As detailed
above, the gDNA content of the cytoplasmic region may be
highly dependent on the existence of certain pathophysiological
processes in the cell (e.g., nuclear membrane rupture and
micronuclei formation) (23-25). It may lead to an increased
gDNA content in MVB-originated sEVs (i.e., exosomes) (24, 27).
The rapid change in gDNA content of exosomes by existing
stress factors (e.g., effects of artificial selection or the pro-
inflammatory microenvironment) have been observed (24, 29,
30), however, it is not known how similar stress conditions may
regulate the non-MVB-originated sEV release. Presumably,
these SEV release pathways may change dynamically upon
exposure to various microenvironmental or therapy-induced

stress factors.

Uptake and functions of sEV-gDNA
in recipient cells

The tumor can be considered as an ecosystem in which both
the cells and the subclonal populations cooperate with each
other for acquiring space and resources from the host organism

Frontiers in Oncology

e.g., by sharing molecules with beneficial local and/or systemic
effects (41-43). After the sEV-protected gDNA survives the
release and is present in the blood or in other body fluids, the
recipient cells may internalize it from the extracellular space
[the known SEV uptake mechanisms are shown in Figure 1H,
and were reviewed by McKelvey et al. (44)]. In fact, this process
is not trivial, so the selective SEV uptake may be the first barrier
to the spread of vesicle-carried genes with oncogenic potential.
This selectivity shows the dependency on the type, oncogene
status, and receptor repertoire of the recipient cells. Substantial
differences in sEV uptake have been observed between normal
epithelial cells compared to the tumorigenic variant of them
(45), resulting in functional changes in the latter. This study also
described robust sEV uptake by fibroblasts (compared to normal
epithelial cells), although these fibroblasts lacked proper tumor
suppressor mechanisms (45). In the absence of control
fibroblasts, it is questionable whether increased sEV uptake
was caused by cell-type dependency or other changes,
associated with the malfunction of the tumor suppressor
mechanisms (see below). The image is further refined by the
observation that sEV adhesion to fibroblasts shows integrin
receptor dependency resulting in a non-random (i.e.,
organotropic) metastasis formation (46). On the other hand,
the sEV tetraspanin web also plays a primary role in selective
target cell binding (i.e., formation of tetraspanin-integrin
complexes) (47), which drives attention to the significance of
proper donor and recipient cell selection when designing
experiments. We have very limited knowledge about the
uptake of unconventionally secreted sEVs [such as migrasomes
and en bloc released MVB-like EV clusters (12, 13)]. Although
uptake of migrasomes by recipient cells has been described in
vitro (12), the details of this process are unknown.

The sEV-DNA uptake may be a robust process as it has been
detected in ~16% of sEV-treated fibroblasts (48). The DNA,
which enters the cytoplasm does not necessarily reach the
nucleus but can activate cytoplasmic DNA recognition
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receptors (Figure 1I). For instance, radiation or chemotherapy-
induced, tumor-derived sEV-gDNA triggers antitumor immune
response in dendritic cells by activating the cGAS/STING
pathway (49, 50). In other cases, sEV-containing late
endosomes have been shown to migrate to the invaginations
of the nuclear envelope (51), where hypothetically, they can
exchange genomic content between the donor sEVs and the
recipient cell (Figure 1J). However, evidence for such an
exchange is still lacking. The EV components may be released
from the envelope invagination-associated late endosomes to the
narrow space between the endosomal and nuclear membranes
and might translocate into the nucleoplasm via nuclear pores
(51). Ultrastructural studies of our research group detected
single, small (<200 nm) vesicles within the nuclear
invaginations of cancer cells (Figure 1K). However, the origin
of these vesicles remains unknown, and obviously, their
potential role in HGT should be investigated.

The last step of the oncogenic HGT is the process in which
the transferred gDNA integrates into the recipient genome.
Some factors have been described in prokaryotes and
eukaryotes, which influence the rates of acceptance of the
horizontally transferred genes, such as physical/biological
properties of the acquired DNA (e.g., length, GC content,
codon usage, epigenetic marks, and the complexity of
interactions with other genes) as well as the location of
genetic integration in the recipient genome (52, 53).
However, the last phase of HGT between mammalian cells,
especially in sEV-mediated processes has been less examined.
Interestingly, genome engineering provides an opportunity for
a more in-depth study of this process. The integration of
donor DNA sequences at off-target double-strand breaks
(DSBs) has been described during CRISPR-Cas9-assisted
genome editing, which is known to be caused by an error-
prone repair of a non-homologous end joining (NHE])
pathway (54). The presence of bovine gDNA sequences were
detectable in the genome of NIH-3T3 fibroblasts using a
medium containing 10% fetal bovine serum. This effect was
significantly reduced with the use of exosome-depleted but
cfDNA-containing medium, suggesting a primary role of SEV's
in HGT (54). Tumor suppressor mechanisms such as the one
mediated by p53 may affect the success of genome editing (55,
56). For example, the DSBs can be toxic for human pluripotent
stem cells in a p53-dependent manner (55). Similarly, to
genome editing, in cancer evolution, the erroneous rejoining
of DNA has been shown to also generate genomic changes at
DSBs sites (57). This raises the possibility that the capture of
exogenous oncogenic sequences at DSB sites might be an
evolutionary driving force of tumors. Considering that p53
plays a fundamental role in the fidelity control of NHE] (58),
loss of p53 function can improve tumor cell survival, and in
parallel, may create the opportunity for possible HGT. This
hypothesis is supported by a pioneering work that showed that
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p53 dysfunction is required for the incorporation of
oncogenes into the recipient genome during apoptotic EV-
mediated HGT (6). The fidelity of DNA end-joining was
impaired also in the case of breast cancer gene 1 (BRCAI)
mutations (Figure 1L) (59, 60). The involvement of this tumor
suppressor in sEV-mediated HGT is evidenced by the fact that
a successful sSEV-mediated DNA transfer has been described in
BRCA1-KO fibroblasts in contrast to wild-type control
cells (48).

A successful sEV-mediated HGT can be confirmed in
vitro by genomic profiling of the transformed cell, detecting
integrated gDNA, or its transcription products,
phenotypical transformation as well as the new functions
associated with the transferred genes. It should not be
forgotten that the sEVs transport complex sets of
information (61). Thus, the appearance of some new,
cancer-associated functions may not only result from the
transfer of sEV-gDNA, but also from several other sEV-
conveyed regulator molecules. According to the principle of
Darwinian selection, the transferred genes can spread in the
population, if it carries genetic components that act as
drivers associated with the host cell phenotype (5, 6, 45).
Consequently, during the study of the long-term effects of
sEV-mediated HGT, the tumor evolutionary aspects should
also be considered (see below and Box 3).

The potential impact of sEV-
mediated HGT in tumor evolution

The tumor-associated sEV signaling, including the
delivery of aberrantly released molecule packets (e.g.,
proteins, lipids, metabolites, coding- and non-coding
nucleic acids) influences the evolutionary events of tumors
by various, often parallel cellular processes (45, 80). Being the
most cancer-specific component of this complex system, here
we particularly focused on sEV-delivered gDNA in tumor
evolution. Although oncogenic HGT is less known among
tumor evolutionary biologists, the in vitro and in vivo results
discussed here clearly indicate that this process is more than a
theoretical phenomenon. The presence of clonal
heterogeneity in cancer (81) suggests that the HGT-based
cooperation among the admixed- or the spatially non-
uniformly distributed subclones may be a rare event.
Regarding its frequency, it must be emphasized that some
phenomena associated with oncogenic HGT can be highly
context-dependent (23, 24, 29, 30). Thus, the successful
incorporation rate of sEV-mediated HGT may differ greatly
depending on the imposed selection pressure. Cellular
experiments modeling sEV-gDNA transfer under diverse
selective pressures would be clinically relevant for mapping
the transfer of resistance mutations between cells of
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BOX 3 Horizontal gene transfers to the rescue - Overcoming genomic decay, Muller's ratchet and metabolic exhaustion in cancer cells

A cancer cell’s fitness is governed by its own proliferation; thus, the underlying Darwinian dynamics will select for proliferative self-renewal, territorial expansion,
migration and invasion properties that procure higher fitness (62, 63). However, the propagation of clonal cancer cells by asexual reproduction exposes them to the
emergence and accumulation of recessive mutations (termed “Muller’s ratchet”). While cancer progression has largely been attributed to selection driving the
accumulation of a certain number of somatic mutations, moderately deleterious mutations with no role in cancer (passengers) can accumulate as they largely evade
natural selection, and thus negatively alter the cancer evolutionary landscape (64, 65). In the absence of meiotic recombination that would purge deleterious
mutations in sexually reproducing organisms, and thus prokaryotes largely rely on horizontal gene transfer to restore and augment genetic diversity (66, 67). While
direct evidence is so far lacking for nuclear cancer genomes to rely on HGT to mediate Muller’s ratchet, evidence of capturing host mtDNA to prevent deleterious
homoplasmy and loss of mitochondrial function emerges from both human and animal cancer studies (68-70). For example, EVs have been found to harbor and
transfer full mitochondrial genomes to cells with impaired metabolism, and thus restore the metabolic activity of breast cancer (34). Mitochondria exchange between
leukemic cells and mesenchymal stem cells has also been found to enhance the survival and therapy resistance of leukemia cells (71). In addition, studies show that
tumor cells receive mtDNA from other cells of the body in order to maintain optimal cellular respiratory conditions to achieve metastasis (71, 72).

Conquering Muller’s ratchet and maintaining metabolic potential is particularly important for the survival of transmissible cancer cell lines that are able to
spread across hosts and hence are being passaged infinite number of times (69). One such transmissible cancer cell lines is the Canine Venereal Tumor (CTVT), a
sexually transmitted malignant cell line that affects dogs (73). CTVT is the oldest known living cancer with an estimated age of between 4,000 and 11,000 years (74—
77). Since its emergence in Asia (77), CTVT has spread across the globe, infected millions of dogs, and most likely experienced the accumulation and homoplasmy of
deleterious mtDNA mutations. To avoid genomic melt-downs and metabolic catastrophes, CTVT has been found to capture and incorporate host mtDNA multiple
times, as well as to occasionally employ mtDNA recombination and re-assortment during its evolutionary history (78). Replacement of part of the cancer mtDNA
genome with sequence from the host mtDNA has also been observed in another transmissible cancer cell line, the bivalve transmissible neoplasia (BTN) from Chile
(79). Whether exosomes have been facilitating HGT in these unique cancer cell lines, remain to be answered and an intriguing research area to follow up.

oncobiota. In addition, several experiments listed here
focusing on cancer-fibroblast interactions suggested the role
of sEV-mediated HGT in adaptive strategies to construct
specialized niches. The development of a permissive and
subsequently supportive stroma from the tumor suppressor
microenvironment is a complex eco-evolutionary process
(82), in which the recipient cells may incorporate genetic
material from other cells (45, 48). Seemingly, the main
requirement for this is that the recipient genome is not
stably protected and/or repaired when damaged. This
condition is met in carcinoma-associated fibroblasts upon
genetic or epigenetic downregulation of p53 and BRCAI
[summarized in ref (83)], as well as apoptotic EV-conveyed
HPV16/18 E6 DNA have been shown to impair DNA repair
mechanisms. These latter EVs were isolated from cervical
cancer and contributed to the disruption of the p53/p21
pathway in primary fibroblasts (84).

By sEV-mediated HGT the recipient cells acquire adaptive
benefits which can be manifested in increased proliferation,
metastatic capacity, and foci-forming ability, reduced
apoptosis, and the potential emergence of HLA-associated
immune escape (31, 45, 48). However, these pioneering papers
did not investigate HGT under intense therapeutic stress. The
importance of therapy in an evolutionary context is highlighted
by an observation about apoptotic EV-mediated HGT (6). [Here
we note that although the apoptotic EVs arise as typical products
of chemo- and radiotherapy, the transfer of full-length (3308 bp)
sequences of H-ras (one of the examined genes in ref (6)) by
sEVs was also described among living cells (31)]. When the
incorporated DNA contains an advantageous mutation in the
context of the treatment in question, it may become fixed, and it
may spread among the recipient offspring cells. Thus, it may
contribute to tumor evolution through several generations (6).
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Accordingly, EV-mediated HGT may greatly affect the
sensitivity profile of the cells in residual disease [often
undetectable, small population of malignant cells which persist
after therapy (85)]. Consequently, its inheritance to the recipient
genome may determine the properties of the recurring tumor.
Furthermore, sEVs from the primary tumor may influence
critical events of metastasis, such as the preparation of pre-
metastatic microenvironment (46) and may induce the
formation of potentially metastatic tumor cells at least partly
via HGT (48). The metastatic spread by genetic material has
been known for a long time (86), and it is consistent with
Darwin’s pangenetic explanation (87). However, the role of sEVs
in this process has only recently been studied and described.
During the metastatic cascade, the phenotype of cancer cells
shows dynamic changes, including epithelial-to-mesenchymal-,
and mesenchymal-to-epithelial transitions (88, 89). The
transition of BRCAI-KO fibroblasts to carcinoma-like cells
(i.e., mesenchymal-to-epithelial transition) could be induced
by sEV-gDNA (along with sEV-associated regulators) without
preceding epithelial-to-mesenchymal transition (48). This
suggests that the metastasic colonization is not exclusively due
to the migration of primary tumor cells to metastatic sites [see
the “seed to soil model” by Stephen Paget (90)], but it may also
involve sEV-induced reprogramming of fibroblasts (48). In
connection with this completely new phenomenon, further
studies are needed to clarify as to whether carcinoma-like cells
behave as tumor cells or as supporting microenvironment cells.
It is important to note that the above-mentioned studies
examined the transition of one, or a few selected genes and their
short functional effect with potential evolutionary benefits.
However, parallel with beneficial genes, neutral or deleterious
mutations are also conveyed into the recipient cells by HGT (5).
Hypothetically, therefore, the role of oncogenic HGT in cancer
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may be twofold: transferring deleterious genes may accelerate
the irreversible accumulation of mutations which ultimately
cause a mutational meltdown. Secondly, it may also increase
the genetic diversity required for rapid adaptation by
transferring beneficial genes (see Box 3 for further details).

Conclusion

Presumably, under physiological conditions, mammalian
sEV-mediated HGT may not be extensive, and it has a
restricted evolutionary impact. However, we want to
emphasize that cancer-associated alterations in DNA repair,
SEV secretion and uptake, and functional integration of the
transmitted genes might modify the typical range and effect of
HGT. Considering that cancer is a special evolutionary system,
with its fast-growing, closely spaced large populations of cells
that have similar genomes, the effect of rare events is likely to be
increased as compared to the physiologic non-tumorous
conditions. Mapping of the complex HGT phenomenon and
integrating the knowledge reviewed here into our thinking of
cancer development and progression may help to better
interpret genomic data and allow the development of more

precise tumor evolution models.
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Unusual phylogenetic tree and
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mutations in an aggressive
luminal/HER2-low breast
cancer: Case report
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Under therapeutic pressure aggressive tumors evolve rapidly. Herein, a luminal
B/HER2-low breast cancer was tracked for >3 years during a total of 6 largely
unsuccessful therapy lines, from adjuvant to advanced settings. Targeted next
generation sequencing (NGS) of the primary lesion, two metastases and 14
blood drawings suggested a striking, unprecedented coexistence of three
evolution modes: punctuated, branched and convergent. Punctuated
evolution of the trunk was supported by en bloc inheritance of a large set (19
distinct genes) of copy number alterations. Branched evolution was supported
by the distribution of site-specific SNVs. Convergent evolution was
characterized by a unique asynchronous expansion of three actionable
(OncoKB level 3A) mutations at two consecutive ESR1 codons. Low or
undetectable in all the sampled tumor tissues, ESR1 mutations expanded
rapidly in blood during HER2/hormone double-blockade, and predicted life-
threatening local progression at lung and liver metastatic foci. Dramatic clinical
response to Fulvestrant (assigned off-label exclusively based on liquid biopsy)
was associated with clearance of all 3 subclones and was in stark contrast to the
poor therapeutic efficacy reported in large liquid biopsy-informed
interventional trials. Altogether, deconvolution of the tumor phylogenetic
tree, as shown herein, may help to customize treatment in breast cancers
that rapidly develop refractoriness to multiple drugs.
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1 Introduction

Hormone-receptor (HR) positive breast cancer includes the
luminal A and luminal B subtypes and is the most common type
of tumor in women diagnosed with early-stage breast cancer.
Although its overall prognosis is better than HER2 + and triple-
negative breast cancers, individual risk of relapse may differ
widely (1, 2).

The mainstay of targeted treatment for luminal breast cancer
is endocrine therapy (ET), which includes several agents that
either directly target estrogen receptor (ER) or suppress estrogen
production. Standard adjuvant treatment in low-risk breast
cancer involves Tamoxifen in pre-menopausal patients, and
aromatase inhibitors (Ai) in post-menopausal patients.
Association of luteinizing hormone-releasing hormone
inhibitors is recommended in pre-menopausal patients.
Cyclin-dependent kinase inhibitors (CDK4/6i), combined with
ET, are recognized as the standard of care for adjuvant treatment
in high-risk patients, and in the metastatic setting (1, 2).
Trastuzumab Deruxtecan (T-DXd), recently approved for
HER2" advanced tumors, is expected to have a strong clinical
impact on HR*/HER2-low luminal breast cancers (3).

Despite expanding therapeutic options, some invasive
luminal breast cancers may rapidly develop resistance to
pharmacological treatment. In many tumors, this has been
associated with biological aggressiveness and complex sub-
clonal dynamics (4, 5). It is becoming increasingly clear that
real-time tracking by longitudinal tumor tissue sampling and
liquid biopsy (LB) would be useful to instruct clinical decisions
(5) but, with notable exceptions (6), phylogenetic trees are
mostly reconstructed by genome-wide post-mortem analysis of
tumor DNA from multiple metastatic foci.

Herein, we describe an aggressive breast carcinoma
characterized by the co-occurrence of an extremely fast clinical
progression and an unusual molecular evolution. Whereas its
luminal B/HER2-low subtype features were conventional and
poorly informative, targeted next generation sequencing (NGS)
of tissue and liquid biopsies suggested an unprecedented
combination of punctuated, branched, and convergent
evolution patterns (4). Clinical NGS deciphered tumor
phylogenesis and convergent adaptive selection, enabling
successful assignment of off-label treatment.

2 Case description

The clinical timeline, treatments and main diagnostic
assessments in this patient are summarized in Figure 1A. In July
2017, a 55-year-old woman underwent quadrantectomy and
axillary lymphadenectomy for a multifocal (G3) ductal
infiltrating breast carcinoma of the luminal B subtype: estrogen
receptor (ER) 90%, progesterone receptor (PgR) 5%, Ki67 50%,
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HER2-low (immunohistochemistry 2+; non-amplified by in situ
hybridization). In December 2017, one month only after the end
of adjuvant therapy, early metastatic dissemination to the lung,
bones and parasternal soft tissue called for first-line therapy with
CDK4/6i plus Letrozole. Unfortunately, further rapid progression
occurred (July 2018) involving the lung and spine (L2/L3), which
prompted to surgical removal of a thoracic subcutaneous
metastasis for diagnostic re-assessment and targeted NGS (see
below). Routine immunohistochemistry of the metastatic tissue
confirmed the ER"/PgR*/HER?2 2" status detected in the primary,
and in addition revealed a very slight HER2 copy number gain
(HER2/CEP17 SISH ratio: 2.4). Since Trastuzumab deruxtecan (3)
was not available in year 2018, a combined regimen was attempted
of Trastuzumab plus Pertuzumab and weekly Taxol for double
HER2/hormone blockade (2™ line). However, novel pleural and
left costal lesions developed after 5 cycles. This prompted us to
initiate 3™ line therapy with Trastuzumab emtansine (T-DMI1)
plus Letrozole. This combination was administered in the context
of a LB study, now published (7). LB detected progressive
accumulation of 3 actionable ESR1 circulating alterations (see
below) during treatment, despite apparently stable disease.
Clinical progression (massive dissemination to the lung, pleura
and liver) occurred in June 2019 (total body CT scan, Figure 1B).
The patient was referred to the Regina Elena intramural Molecular
Tumor Board (MTB) in very poor general conditions and
dyspnoic. Off-label Fulvestrant was recommended (see below)
exclusively based on LB data, in association with Capecitabine (4™
line), but the latter had to be discontinued after a single cycle due
to severe gastrointestinal intolerance. In contrast, Fulvestrant was
well tolerated and, despite administration as single-agent, it
resulted in a quick and dramatic improvement with
disappearance of most lung lesions and associated pleural
exudate, as well as drastic regression of the extensive liver
invasion (Figure 1C). Response lasted 8 months until early
February 2020, when the patient, who was otherwise in good
general conditions and essentially asymptomatic, suddenly
experienced dyspnea and chest pain due to a pleural exudate
requiring thoracentesis. Salvage treatment with Trastuzumab plus
Vinorelbine (5™ line) resulted in partial response of the pleural
effusion and apparently stable thoracic disease for about 7
additional months, until massive pleural/lung recurrence and
death in November 2020.

3 Diagnostic assessment and
molecular profiling

Tumor DNAs (tDNAs) were obtained from the three
sampled tumor lesions: the primary tumor, the subcutaneous
metastasis, and neoplastic cells isolated from the pleural effusion
following overnight adherence to plastic dishes. Circulating
tumor DNAs (ctDNAs) were obtained from 14 blood
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(A) Treatment history: adjuvant chemotherapy with Epirubicine plus Cyclofosphamide (EC: 90/600 mg/maq,

g14), followed by Taxol (175 mg/mq, q14) plus Pegfilgrastim, and Aromatase Inhibitor (Ai: Letrozole 2.5 mg/day). First line therapy with
Palbociclib (CDK/6i:125 mg/die for 21 days, every 28 days) plus Aromatase Inhibitor (Ai: Letrozole 2.5 mg/day). Surgical removal of a thoracic
skin metastasis. Second line with Trastuzumab (TTZ: 8 mg dose loading — 6 mg) plus Pertuzumab (PTZ: 840 mg dose loading — 420 mg) and
weekly Taxol. Third line with T-DM1 (3.6 mg/kg, every 21 days) and Letrozole (2.5 mg/day), beginning of LB monitoring. Fourth line, off-label
Fulvestrant (500 mg day 1, 15, 28, then every 28 days) in association with Capecitabine (Cap: 2000 mg/m? daily discontinued after a single
cycle). Fifth line with Vinorelbine (VNR: 25 mg/mq at day 1 and 8) plus Trastuzumab (8 mg/kg -> 6 mg/kg) every 21 days. Asterisks: tissue and
blood samples tested by both NGS and dPCR. All the other samples: testing by dPCR only. (B, C) CT scans before and following treatment with
Fulvestrant; dates of clinical imaging are noted. Major sites of response to Fulvestrant are indicated by white arrows. Cap*, Capecitabine (D—M)
Key time points at which tumor tissue/cells and blood drawings were obtained. Single nucleotide variants (SNV) are color-coded by tissue of
origin in (D). Palettes rank alterations by variant allele frequency (different %VAFs) and copy numbers (CNA). Copy numbers are expressed per
diploid genome: copy number-neutral n=2. tDNA, tumor DNA; ctDNA, circulating tumor DNA. (-) undetectable. n.a., not assessed because SNV/

CNA was not included in the LB-grade NGS panel.

drawings. All 3 tDNAs and 8/14 c¢tDNAs (Figure 1A, asterisks)
were tested by NGS (Life Technologies, see Supplementary for
technical details) with two targeted panels of different
complexity. The tDNA-grade Oncomine' Comprehensive
Assay Plus detected 9 single nucleotide variants (SNVs) and
19 copy number alterations (CNA) in a total of 505 tested genes.
These 27 alterations are listed along with variant allele
frequencies (VAFs) and estimated copy numbers in
Figures 1D, E, J. Due to its smaller size (it detects SNVs,
CNAs and fusions in 52, 12 and 92 genes, respectively), the
ctDNA-grade Oncomine'"" PanCancer Cell-Free Assay could
only assess 3 of 9 SNVs and 2 of 19 CNAs. Results are shown for
7 representative blood drawings (Figures 1F-M; n.a.:
not assessed).

The distribution of the 9 SNVs among the three tDNAs
readily revealed marked phylogenetic divergence during tumor
evolution: 5 SNVs (BRCA2 p.C1820, MGA p.R1106%, PRDM1
p-A546T, REG3G p.Q69H and TP53 p.G245S) were exclusive of
the primary, 3 (HRAS p.A146T, RUNDC3B p.R4W and ESRI
p.D538G) were exclusive of the subcutaneous metastasis, and
only one (KMT2C p.T816) was shared between any two lesions,
namely between the subcutaneous metastasis and the neoplastic
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pleural effusion (Figures 1D, E, J, top section; SN'Vs color-coded
by site of detection in panel d).

Particularly in light of rapid clinical progression, BRCA
p.C1820 and TP53 p.G245S losses appeared counterintuitive.
The former is a potentially inheritable, likely pathogenic variant
(https://varsome.com), and the latter is a loss-of-function cancer
driver strongly associated with poor outcome (OncoKB level
Px1; https://www.oncokb.org). These considerations prompted
to orthogonal testing by custom-designed digital PCR (dPCR)
assays. However, NGS calling was confirmed, and dPCR-
assessed VAFs differed marginally (within +/- 3%) from NGS-
assessed VAFs (see representative TP53 testing in Table S1).
Likewise, dPCR confirmed that BRCA2 p.C1820 was
undetectable at both tested metastatic sites and in leukocyte
DNA (not shown), conclusively ruling out a germ line origin.

Next, we focused on the similarly puzzling observation of a
simultaneous presence of three gain-of-function ESR1 SNVs
(p.D538G, p.Y537S and p.Y537N), all known to be actionable
and associated with resistance to hormone blockade (8).
Interestingly, these three SNVs displayed very different origins
and accumulation kinetics, as may be seen by comparing tDNA
from the skin metastasis, and ctDNAs obtained before the T-
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DMI1/Letrozole and Fulvestrant treatments, at progression, and
at later time points (Figures 1E-M). Specifically, ESR1 p.D538G
was the only ESRI alteration to be detected in tissues. It
displayed a very low VAF at onset both in tDNA and ctDNA,
and then marked blood increases mostly coincident with clinical
progression. In contrast, ESR1 p.Y537S and p.Y537N, initially
undetectable, appeared de novo in blood, and their association
with clinical outcome appeared to be less stringent. None of the
three SN'Vs could be detected in the pleural effusion (Figure 1]).
Also these changes were confirmed by orthogonal dPCR
validation (representative results shown in Table S1). In
summary, BRCA2 p.C1820 and TP53 p.G245S were negatively
selected, whereas ESR1 alterations were positively selected by
successive events taking place for the most part at undetermined
tumor sites.

Strikingly in contrast to the heterogeneous SNV distribution,
the primary site and the skin lesion did share a large set of 19
collinear CNAs (Figure 1D, E, bottom section). Most CNAs
appeared to be inherited en bloc, since copy number gains and
gene-to-gene ratios were roughly conserved between the two
lesions. Only FAM135B displayed a discordant trend (increase
instead of decrease/stability in copy numbers). Unfortunately,
not all CNAs were testable by the ctDNA-grade NGS panel.
Despite this limitation, we were able to confirm that both FGFR1
and MYC (the only two CNAs testable in blood) were amplified
and, similar to tissues, copy number gains persisted in serial
blood drawings, undergoing limited absolute and relative
variations (Figures 1F-L, bottom). Of special interest, FGFR1
and MYC amplifications were detected in peripheral blood
collected at the time of thoracentesis despite tDNA from the
pleural neoplastic cells had lost FGFR1, MYC, and all the other

10.3389/fonc.2022.1050452

CNAs (Figure 1] vs K). The easiest interpretation of these results
is that a clonal expansion containing at least FGFR1 and MYC
CNAs was present throughout disease course, e.g. in the primary
tumor, skin metastatic site and other unidentified tumor sites, as
indirectly revealed by LB, but it was lost in the last lesion that
had been sampled, e.g. tumor cells from the pleural cavity.

To display multiple SNV and CNA trajectories, longitudinal
series of %VAF values and DNA copy numbers were elaborated
by the fishplot package for RStudio (9). The 6 ctDNAs not tested
by NGS were included by incorporating dPCR data in the model.
To portray tumor evolution in its entirety we chose to represent
SNVs and CNAs in the same graph, and generated separate
fishplots for blood and tumor lesions (Figures 2A, B). For
simplified CNA rendering, we focussed on FGFRI and MYC
copy numbers, that are available for both blood and tissues.
These were averaged and merged into a single fishplot. However,
since % VAF and gene copy numbers are incommensurable, the
latter were displayed in background and not to scale. It is
acknowledged that no inference can be made about relative
SNV/CNA subclonal representation, whereas quantitative
relationships among multiple SN'Vs are faithfully graphed.

Specifically, the fishplot in Figure 2A clearly shows relative
abundance and kinetics of ESR1 p.D538G p.Y537S and
p.Y537N. Quite strikingly, the two most abundant variants
displayed a roughly reciprocal relationship whereby expansion
of either is mirrored by contraction of the other. Unsurprisingly,
circulating ESR1 alterations were prodromic to life-threatening
clinical progression (see case description), which led to seek
MTB multidisciplinary advice.

In elaborating therapeutic recommendations, the MTB
considered the following points: (a) the 3 actionable (OncoKB
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level 3A) ESR1 SNVs had disabled two consecutive codons in the
catalytic ESR1 site; (b) they had occurred in rapid succession
within 7 months from the first T-DM1/Letrozole administration;
(c) their distinct kinetics and tissue/blood distribution were
suggestive of convergent adaptive events in distinct founders;
(d) their timing of appearance and subsequent clinical
progression at lung and liver foci was compatible with an
elective topographical distribution of at least some ESRI
variants at these sites.

Preliminary evidence was also considered from the
plasmaMATCH trial, now published (10), that subclonal ESR1
alterations when detected in blood do not confer sensitivity to
targeted treatment. Nevertheless, in light of arguments (a-d),
and in the absence of alternative therapeutic options, oft-label
Fulvestrant was recommended exclusively based on LB data, and
in association with Capecitabine.

As outlined in case description, only Fulvestrant was
tolerated, and dramatic clinical improvement (CT scans in
Figure 1C, performed in November) was mirrored, in
December 2019, by nearly complete blood clearance of the
newly arisen ESRI p.Y537S and p.Y537N variants, although
the ESRI p.D538G clone (chronologically the first to appear) re-
expanded, and FGFRI/MYC CNAs kept expanding steadily in
blood (Figure 2A). These results formally prove direct variant
(particularly ESR1 p.Y537S) targeting by Fulvestrant, and
provide evidence for a dissociated response, both molecular
and clinical.

At the time of further pleural relapse in early February 2020,
the ESR1 p.D538G variant and the FGFR1 and MYC copy
number gains were all abundant in blood (Figure 2A).
However, none was detectable in tumor cells obtained on the
same day from the neoplastic pleural effusion, that only retained
a single ‘undruggable’ KMT2C SNV (Figure 2B) first seen in the
2018 cutaneous metastasis. While further supporting clearance
of ESR1 variants from the pleural space, these results prevented
target FGFRI treatment, and prompted instead to Trastuzumab
plus Vinorelbine as a possible salvage therapy. Partial response
of the pleural eftusion was accompanied by decreases in FGFRI,
MYC and ESR1 p.D538G variants, and (re)-expansion of ESR1
p.Y537S (Figure 2A). Subsequent increases of all variants in
October 2020 (Figure 2A, last blood drawing) heralded massive
pleural/lung recurrence and death in November 2020.

For synoptic view, the CNA trunk and the 11 SNVs detected
in tDNAs and ctDNAs were assigned to specific tumor lesions
and blood drawings by applying the pigeonhole principle and
logical deduction. The inferred tumor phylogenetic tree is shown
in Figure 2C.

4 Discussion

Herein, we describe an aggressive HER2-low breast cancer
that, based on straightforward immunohistochemical and
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molecular subtyping, apparently meets the ‘standard’
definition of a luminal B tumor subtype. However, extensive
NGS profiling clearly shows that its hidden hallmark is the
unprecedented (to our knowledge) co-existence of punctuated,
branched, and convergent evolution (boxed in Figure 2C).

Punctuated evolution is supported by persistence of a large
set of collinear CNAs (particularly the FGFR1/MYC
amplifications) across the primary, the skin metastasis, and
possibly other tumor sites (as indirectly supported by LB). En
bloc inheritance of multiple alterations in the tumor trunk is a
hallmark of punctuated evolution (5).

Convergent evolution of the three ESR1 subclones is
supported by their distinct origin and timing of appearance
(e.g. one from the skin metastasis and two from unknown
metastatic sites), and their striking convergence toward the
same phenotypic effect (resistance to hormone blockade).

Finally, branched evolution is best exemplified by the
localization of the ‘undruggable’ KMT2C variant (likely
originated from the skin lesion) to the second neoplastic
pleural effusion in the absence of all other alterations,
including actionable FGFRI1 amplification and ESRI1
mutations. This is compatible with a dramatic clonal sweep.
This event had implications on therapeutic escape, as it left no
residual targeting options.

Single-cell omics of tumor tissues and circulating tumor cells
have shown that each breast cancer is a collection of multiple
molecular subtypes, and may be viewed as a dynamically
evolving, adaptively selected cell ecotype (11, 12). It is
tempting to speculate that multi-modal evolution, detected
herein, is a powerful shortcut to ecotype plasticity and
tumor aggressiveness.

The closest precedent of the present study is possibly a case
report in which treatment-induced regression of actionable
genomic alterations at specific metastatic sites correlated with
changes in the corresponding ctDNAs (13). However, in this
previous report the tumor architecture was reconstructed post-
mortem, whereas in the present study the entire deduction
process was in real-time and based on ex vivo testing.
Consequently, NGS/dPCR results could be exploited for
therapeutic purposes.

Response of ESR1-mutated variants (OncoKB level 3A when
detected in tissues) to Fulvestrant deserves a comment in light of
poor success (0/27 objective responses when subclonal ESR1
alterations were detected in blood) of the PlasmaMATCH trial
(10). At least four arguments support the idea that the single
patient described herein is an exceptional responder: (a) an
unusual oncogenic dependence from ESRI, supported by
convergent evolution of three variants; (b) selective metastatic
seeding at an anatomical site (lung) electively responsible for
life-threatening progression in this specific patient; (c) reciprocal
expansion/contraction of ESR1 subclones during therapy, e.g.
clonal competition for the same ecotype niche, a condition
suggested, but not proven, to result in self-limited tumor
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spreading (4); and (d) Fulvestrant-mediated simplification of the
tumor phylogenetic tree, that may have helped to also achieve
partial response to subsequent salvage therapy of the
undruggable KT2MC-associated pleural variant.

One may object that the benefit of single-agent treatment
with Fulvestrant, although impressive, was rather short-lived.
Based on the I-PREDICT drug combination trial (14) we
hypothesize that a double FGFR1/ESR1 blockade acting on
both the trunk and the first lung/liver tumor branch(es) might
have been better to counteract multiple evolution modes,
resulting in a more durable response. At any rate, the patient
survived 18 months after progression from the last conventional
therapeutic option, which is remarkable in light of the short
overall survival time (about 40 months) from diagnosis to death.

Tumors with no special or notable features except
inexplicable clinical aggressiveness may not be unusual in the
clinical practice. Our study suggests that deconvoluting the
tumor phylogenetic tree by clinical-grade NGS may suffice to
customize treatment in breast cancers that rapidly develop
refractoriness to multiple drugs.

5 Patient perspective

The patient was a business manager with key professional
responsibilities in her company. During the entire clinical course
she was fully aware of her clinical conditions, and specifically
asked the medical oncologist to receive all the necessary
treatments (including off-label Fulvestrant), as long as she
could stay sufficiently fit to attend her duties.
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Mammary adenocarcinoma, the most common cancer in female dogs, often
exhibits the lymph node and lung metastases and has a higher mortality rate.
However, mammary adenocarcinoma has no established treatment, except early
surgical excision. Canine mammary carcinoma has many common features with
human mammary carcinoma, including clinical characteristics, heterogeneity, and
genetic aberrations, making it an excellent spontaneous tumor model for human
breast cancer. Diverse cancers comprised heterogeneous cell populations
originating from cancer stem cells (CSCs) with self-renewal ability. Therefore, in
addition to conventional therapy, therapeutic strategies targeting CSCs are
essential for cancer eradication. The present study aimed to extract inhibitors of
canine mammary CSCs that suppress their self-renewal ability. Sphere-formation
assay, which evaluates self-renewal ability, was performed for the canine
mammary cancer cell lines CTBp and CNMp. The spheres formed in this assay
were used in inhibitor library screening, which identified various signaling pathways
such as proteosome, stress inducer, and mammalian target of rapamycin (mTOR).
The present study focused on the mTOR signaling pathway. Western blotting
showed higher levels of phosphorylated mTOR in sphere-forming CTBp and
CNMp cells than in adherent cells. Drug sensitivity examination using the mTOR
inhibitors everolimus and temsirolimus revealed dose-dependent reductions in
viability among both sphere-forming cells and adherent cells. Expression of
phosphorylated mTOR in adherent and sphere-forming cells decreased by
everolimus and temsirolimus treatment. In mice transplanted with CTBp-derived
spheres, everolimus treatment significantly decreased tumor volume compared to
control. These results reveal that the mTOR signaling pathway may be a potential
to be a therapeutic target in both cancer cells and CSCs. Novel therapeutic
strategies for canine mammary carcinoma are expected to benefit to human
breast carcinoma as well.
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Introduction

Canine mammary tumors are the most common tumors in
middle-aged and elderly female dogs (1). Canine mammary
carcinoma accounts for approximately 50% of all mammary tumors
and is associated with poor clinical behavior, including lymph node
and lung metastases, and high mortality (1). Canine mammary cancer
shares many common features with human breast cancer, including
the age of onset, hormonal etiology, stage, tumor diversity, lymph
node metastasis, and genetic abnormalities including breast cancer
susceptibility gene 2 (BRCA), phosphatidylinositol-4,5-bisphosphate
3-kinase catalytic subunit alpha (PIK3CA), and TP53 mutations, and
protein expression, including human epidermal growth factor
receptor 2 (HER2), estrogen receptor, progesterone receptor, and
p63 (2-6). Therefore, canine mammary cancer is considered a
spontaneous model of human breast cancer. Sex hormones are
closely related to mammary tumor development in dogs.
Ovariectomy before the first estrous reduces the mammary tumor
incidence by 99%, and ovariectomy before the second and third
estrous reduces them by 92% and 74%, respectively (7). Surgical
resection is the first choice for mammary tumor treatment in dogs.
Adjuvant therapy is performed for inflammatory breast cancer for
which quality of life improvement cannot be expected after surgical
resection. Adjuvant therapy for canine mammary tumors includes
chemotherapy, such as doxorubicin, cyclophosphamide, and
docetaxel, and molecular-targeted therapy, such as toceranib,
piroxicam, and firocoxib (8-12). Tamoxifen, which is used as
estrogen therapy for human breast cancer, is not recommended in
dogs due to adverse reactions, such as vulva edema, purulent
discharge, pyometra, and conjunctivitis (13). Additionally,
aglepristone, an anti-progestin drug, is used for labor induction and
pyometra treatment. Aglepristone has not been practiced due to
insufficient therapeutic outcome data, although it is expected to
treat dogs with mammary cancers (5). Therefore, developing a
novel treatment strategy in addition to conventional therapy is
necessary because a treatment protocol, including adjuvant therapy
for canine mammary cancer, has not yet been established. Human
patients with breast cancer are treated with molecular-targeted drugs
using monoclonal antibodies, tyrosine kinase inhibitors, cyclin-
dependent kinase 4/6 inhibitors, antiangiogenic agents, and poly
(ADP-ribose) polymerase inhibitors in addition to conventional
chemotherapy (14). Molecular-targeted drugs were developed to
directly act on molecular cancer cell abnormalities and selectively
target various signaling pathways related to cancer cell proliferation,
aggression, and apoptosis, and have yielded more successful results in
cancer therapy (14). Canine mammary cancer has many similarities
with human breast cancer, and molecular-targeted therapy for human
breast cancer is expected to be beneficial in canine mammary
cancer treatment.

Cancer stem cells (CSCs) or tumor-initiating cells are a
subpopulation of cancer cells and play an important role in cancer
development, recurrence, and metastasis. CSCs have self-renewal and
differentiation capacities, higher tumorigenicity in nude mice, and
radiotherapy and chemotherapy resistance (15, 16). Therefore, CSCs-
targeted therapies are essential for cancer eradication. CSCs can be
enriched by various techniques, such as surface antigen analysis, side
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population analysis, aldeflour assay, and sphere-formation assay, in
humans and dogs (17, 18). Sphere-formation assay is an excellent
method to efficiently enrich cell populations with self-renewal ability.
Canine CSCs have been identified in various cancers, such as
mammary adenocarcinoma, hepatocellular carcinoma, pulmonary
adenocarcinoma, rhabdomyosarcoma, and melanoma since the
existence of CSCs was first reported in osteosarcoma in 2007 (19-
27). In veterinary medicine, CSC studies for mammary cancer are
most advanced in dogs. Sphere-forming cells derived from mammary
adenocarcinoma lines have higher stem cell-related gene expression
and higher tumorigenicity in immunodeficient mice compared to
adherent cells (20). Additionally, sphere-formation assay is used for in
vitro sensitivity assay of anticancer drugs, such as doxorubicin and
carboplatin, as well as small-molecule inhibitors targeting
cyclooxygenase-2, and CSCs exhibit lower sensitivity than non-
cancer stem cells (20, 28, 29). Therefore, sphere-formation assay is
not only useful for elucidating the pathogenesis of mammary cancer,
which is as diverse as in humans, but also for searching for inhibitors
and molecular-targeted inhibitors that suppress self-renewal ability.
High-throughput screening in humans, using sphere-formation assay,
is conducted for various cancers, such as breast and lung cancers, for
inhibitors that suppress the self-renewal ability of CSCs (30-32).
High-throughput screening of canine mammary CSCs has not been
reported although a few agents targeting canine mammary CSCs have
been identified so far. Therefore, the present study used a molecular-
targeted inhibitor library to search for drugs that suppress the self-
renewal ability of CSCs derived from canine mammary cancer lines
and focused on the candidate inhibitors targeting the mammalian
target of rapamycin (mTOR) signaling pathway extracted by the in
vitro screening.

Materials and methods
Cell lines and culture

The present study used two canine mammary carcinoma cell lines
(CTBp and CNMp) (33). The cell lines were maintained in Dulbecco’s
modified Eagle medium and nutrient F-12 (DMEM/F12, Invitrogen,
Carlsbad, CA, USA), supplemented with 10% fetal bovine serum
(Hyclone, Logan, UT, USA) and antibiotics (Nakarai Tesque, Kyoto,
Japan) at 37°C in an atmosphere containing 5% CO,.

Sphere-formation assay

The sphere-forming assay was performed as previously described
(18). In brief, singly suspended cells derived from CTBp and CNMp
were plated at a density of 1 x 10° or 1 x 10° viable cells per ultralow
attachment 96-well plate (Coring, NY, USA) for drug sensitivity or
100-mm dish (Coring) for xenograft, respectively. The cells were
grown in serum-free DMEM/F12 supplemented with 10 ng/mL of
basic fibroblast growth factor (bFGF, Invitrogen, Carlsbad, CA, USA),
10 ng/mL of epidermal growth factor (EGF, Invitrogen), 4 mg/mL of
heparin (Sigma-Aldrich, St. Louis, CA, USA), and NeuroBrew-21
(Miltenyi Biotech, Tokyo, Japan).
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In vitro drug screening and sensitivity assay

Sphere assay was performed using SCADS inhibitor Kit IV,
including 39 molecule-targeted inhibitors, obtained from the
Screening Committee of Anticancer Drugs, Japan (Table 1). Singly
suspended cells were cultured in the presence of inhibitors (final
concentration: 1 UM or 10 uM) from the beginning for 5 days.
Everolimus (LC Laboratories, Boston, MA, USA) and temsirolimus
(LC Laboratories) were used for inhibitor sensitivity assay of adherent
cells and spheres derived from CTBp and CNMp. The adherent cells,
seeded at 5 x 102 cells/well on the 96-well plates, were cultured for 24
h and stimulated with a fresh culture medium containing seven
different doses (final concentration: 0.0001, 0.001, 0.01, 0.1, 1, 10,
or 100 uM) of everolimus or temsirolimus for 48 h. The sphere assay
was performed under the same inhibitor concentration and using the
in vitro screening protocol described above. Each living cell was
evaluated using Cell Counting Kit-8 (Dojindo Laboratories,
Kumamoto, Japan).

For analysis of mTOR signaling activity after inhibitor treatment,
CTBp and CNMp cell lines were seeded at 5x10* and 1x10* cells in 35
mm dish for cell culture and 6-well plate for sphere-forming assay,
respectively. Adherent cultures were replaced with medium
containing everolimus or temsirolimus at a final concentration of
10 uM after 3 days of culture. In the sphere-forming assay, after
culturing for 5 days, similar inhibitors were added at a final
concentration of 10 uM. Cells were harvested 1 and 4 hours after
the addition of the inhibitor, and western blotting described below
was performed.

Western blotting

The adherent and sphere-forming cells derived from CTBp and
CNMp cells were collected by centrifugation and washed with
phosphate-buffer saline. The cells were lysed in lysis buffer
(Promega, Tokyo, Japan) with a protein inhibitor cocktail for 15
min. Approximately 10 pg of the extracted protein was analyzed with
the following specific monoclonal antibodies against mTOR (clone
7C10, Cell signaling Technology, Tokyo, Japan), phospho-mTOR
(Ser2448) (clone 49F9, Cell Signaling Technology), 4E-BP (clone
53H11, Cell Signaling Technology) and phospho-4E-BP (Thr37/46)
(clone 236B4, Cell Signaling Technology), and polyclonal antibody
against B-actin (Santa Cruz Biotechnology). The membranes were
incubated with horseradish peroxidase-conjugated immunoglobulin
G (IgG) (GE Healthcare, Tokyo, Japan). The immunoreactivity was
detected using an ATTO EzWestLumi plus reagent (ATTO, Tokyo,
Japan) and ImageQuant LAS4000 mini (GE Healthcare).

Xenograft transplantation

Female BLAB/c nude mice, aged 8 weeks, were purchased from
CLEA Inc. (Tokyo, Japan). A suspension of 1 x 10° sphere-forming
cells derived from CTBp was subcutaneously injected into the
ventrolateral area under anesthesia. We administered saline
(control, n = 6/group) or everolimus (Novartis Pharma, Basel,
Switzerland, 4 mg/kg; oral n = 4/group) intraorally twice a week for
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21 days after tumor formation was macroscopically confirmed. The
tumor volume (V) was estimated using the following equation: V =
[(length) x (width)?]/2. Experiments were approved by the Animal
Experiments Committee of Nippon Veterinary and Life Science
University and were performed following the Guidelines for Animal
Experiments by the Nippon Veterinary and Life Science University.

Histopathology

The tumors formed in nude mice were fixed with 10% neutral-
buffered formalin and routinely embedded in paraffin wax for
histological examination. Sections were stained with hematoxylin
and eosin. Serial sections were immunostained using the
streptavidin-biotin-peroxidase method with primary monoclonal
antibodies specific for Ki67 (1:100, Dako, Denmark A/S, Glostrup,
Denmark) and alpha-smooth muscle actin (SMA, 1:400, Dako),
vascular endothelial growth factor (VEGF, 1:100, Santa Cruz
Biotechnology, California, USA). Briefly, sections were treated in
0.03% H,0, in 33% methanol at room temperature for 30 min for
endogenous peroxidase blocking, following a pretreatment at 121°C
for 20 min in citrate buffer (pH 6.0) for Ki67 and SMA, and at 121°C
for 15min in citrate buffer (pH 9.0) for VEGF. The validation of
antibodies was confirmed by a positive reaction with biopsy samples
diagnosed with canine mammary adenocarcinoma or by a negative
normal mouse IgG. The intratumor SMA-positive vessel and Ki67
index of tumor cell densities were evaluated as previously described
(34). To evaluate the immunostaining intensity of VEGF, 5 high-
power field (x400) of tumor tissue were selected and measured using
Image ] software.

Statistical analysis

The results are presented as means + standard deviation. Student
t-test and Welch’s t-test were used for statistical analyses with R
version 4.2.2. P-values of <0.05 was considered significant.

Results

In vitro library screening using molecular-
targeted inhibitors in canine mammary
adenocarcinoma cell lines

A sphere-formation assay was performed using a molecular-
targeted inhibitor kit consisting of 39 types to extract inhibitors
that suppress the self-renewal ability. A decreased value of >50%
was found in 23 inhibitors in CTBp compared to control under
conditions of final concentrations of 1 pM and 10 uM. Conversely, 4
and 12 inhibitors were extracted at final concentrations of 1 uM and
10 uM, respectively, in CNMp. Eleven inhibitors, such as EGF
receptor (lapatinib, gefitinib), proteosome (bortezomib), stress
inducer (anisomycin), and mTOR (temsirolimus, everolimus, and
torkinib), were common between both lines (Table 1). This study
focused on the mTOR signaling pathway evaluated by western
blotting and the in vitro and in vivo antitumor effects of adherent
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TABLE 1 The viability of the sphere-forming cells derived from canine mammary carcinoma cell lines cultured with various concentration of the inhibitors
supplied in SCADS inhibitor kit IV.

Viability (% of control)

SCADS kit4 inhibitors

CTBp

Targets Inhibitors 10uM TuM

blank none (DMSO) 100.00 100.00 100.00 100.00
Ber-Abl nilotinib 60.51 64.82 64.25 97.16
Multi-kinases sorafenib 12.85 11.21 90.95 65.01
mTOR temsirolimus 27.64 28.30 74.66 29.27
EGFR/Her2 lapatinib 13.43 12.21 63.35 27.28
Ber-Abl/Kit imatinib mesylate 136.30 139.07 68.33 105.99
Multi-kinases sunitinib malate 20.27 16.76 139.37 108.65
EGFR gefitinib 12.47 10.77 54.75 20.55
HDAC vorinostat 11.60 9.99 60.63 13.21
EGFR erlotinib 13.22 12.10 93.67 22.01
Proteasome bortezomib 13.26 11.88 50.23 12.01
Bcr-Abl/Src dasatinib 13.22 11.88 90.50 32.82
mTOR everolimus 31.16 30.41 106.33 46.29
Multi-kinases pazopanib 13.76 12.76 150.23 63.47
Rho/SRF CCG-1423 67.68 57.60 106.79 121.89
PIM PIM1/2 Kinase Inhibitor V 69.62 61.38 143.44 151.68
PIM PIM1 Inhibitor IT 101.99 85.68 113.57 100.97
Hedgehog AY 9944 12.76 11.43 99.10 76.12
Hedgehog cyclopamine 44.63 36.85 92.76 68.23
Hedgehog Jervine 47.20 39.29 94.57 58.35
STAT3 WP1066 13.39 11.99 134.84 86.98
STAT3 5,15-DPP 67.55 59.49 143.89 128.26
Wnt IWP-2 91.34 69.92 143.44 117.96
Wnt IWR-1-endo 68.50 64.04 74.66 158.72
Wnt FH535 72.81 68.92 75.11 109.54
Notch DAPT 47.16 38.07 186.88 86.75
tankyrase-selective PARP XAV939 112.14 89.57 145.70 178.41
pan-PARP PJ-34 41.07 30.74 185.07 137.95
PARP-1/2-selective Olaparib 17.24 16.32 115.38 92.66
antipsychotic drug chlorpromazine hydrochloride 25.90 43.51 163.35 118.86
depression treatment desipramine hydrochloride 103.44 80.36 208.14 128.52
golgi inhibitor brefeldin A 11.07 9.99 176.02 109.02
stress inducer anisomycin 14.94 11.07 4.58 4.61
thalidomide family thalidomide 126.68 95.98 92.74 9243
thalidomide family lenalidomide 126.15 102.65 86.30 79.14
retinoids tretinoin 94.34 78.28 66.90 42.83
retinoids tamibarotene 106.01 109.54 40.30 51.73

(Continued)
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TABLE 1 Continued

SCADS kit4 inhibitors

10.3389/fonc.2023.1100602

Viability (% of control)

CTBp
Targets Inhibitors

DNA alkylation temozolomide 132.52 103.36 66.54 86.24
EML4-ALK crizotinib 42.50 11.73 43.41 4.64
mTOR Torkinib 36.08 12.11 17.45 6.15

The viability of less than 50% are indicated by boldface. Data represet the mean of triplecate culture.

cells and sphere-forming cells derived from canine mammary
adenocarcinoma lines.

Activated mTOR signal pathway was
detected in both adherent and
sphere-forming cells

Western blotting was performed to confirm the expression of
mTOR signal-related proteins, such as mTOR and 4E-BPI1 in
adherent and sphere-forming cells from canine mammary
adenocarcinoma lines. Expression levels of mTOR and
phosphorylated mTOR proteins were similar between adherent and
sphere-forming cells of both lines (Figure 1). Conversely, 4E-BP1 was

CTBp CNMp

expressed in adherent and sphere-forming cells and phosphorylated
4E-BP1 was more highly expressed in sphere-forming than adherent
cells of both lines (Figure 1). These results revealed that mTOR
signaling was activated in both CTBp and CNMp.

mTOR inhibitors, including everolimus and
temsirolimus, inhibit adherent proliferation
and sphere formation in vitro

In vitro sensitivity assay was performed using the mTOR
inhibitors, including everolimus and temsirolimus, to examine
inhibitory effects on sphere formation and adherent cell
proliferation. Both CTBp and CNMp decreased the number of
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FIGURE 1

Western blot analysis of mTOR signaling in canine mammary adenocarcinoma lines, CTBp and CNMp. Adherent cells, ad; sphere-forming cells, Sp.
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sphere-forming and adherent cells in a dose-dependent manner with
everolimus and temsirolimus (Figure 2). The ICs, for everolimus and
temsirolimus was 158.8 nM and 123 nM in CTBp-derived (Figure 2A)
and 1.16 uM and 3.13 nM in CNMp-derived sphere-forming cells,
respectively (Figure 2B). Whereas, that in CTBp- and CNMp-derived
adherent cells were 17.0 nM and 39.5 nM (Figure 2C) and 53.6 uM
and 52.9 nM (Figure 2D), respectively. In adherent cultures, the cell
numbers of CTBp and CNMp lines were measured 24 and 48 hrs after
treatment of inhibitors, and their numbers tended to be time-
dependent (Supplemental Figure 1). Furthermore, in the sphere-
forming assay, the number of CTBp-derived sphere-forming cells
was measured 2 and 4 days after addition and was time-dependent
similar to adherent cells (Supplemental Figure 1).

MTOR inhibitors decrease the
phosphorylation of mTOR signal in
adherent and sphere-forming cells

Western blotting was performed to examine the expression of
mTOR signal with 10 uM everolimus and temsirolimus treatment. In
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both cell lines, adherent cells decreased phosphorylated mTOR and
4E-BP1 expression 1 and 4 hours after inhibitor treatment
(Figure 3A). On the other hand, sphere-forming cells treated with
everolimus and temsirolimus also decreased phosphorylated 4E-
BPland mTOR expression (Figure 3B).

Everolimus exhibits the antitumor effect in
xenograft mice injected with CTBp-derived
sphere-forming cells

The in vivo antitumor effect of everolimus was investigated using
mice transplanted with CTBp-derived sphere-forming cells. A
significant tumor volume reduction was observed in the
everolimus-administered group compared to the control group 14
and 21 days after administration (Figure 4). Histologically, the tumors
formed in mice were similar in both groups and consisted of tubular
or solid tumor cell proliferation (Figures 5A, B). Tumor necrosis and
inflammatory cells, such as lymphocytes and mast cells, were not
observed in both group. The Ki67 index of tumor cells was 12.72 +
9.17 and 16.43 + 19.69 in the control and everolimus-administered
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In vitro sensitivity assay of mTOR inhibitors, including everolimus and temsirolimus, in canine mammary adenocarcinoma lines, CTBp and CNMp
(A, C) CTBp and (B, D) CNMp. Upper shows for sphere-forming cells and lower shows the sensitivity assay results for adherent cells. The results shown

are representative of at least three independent experiments.
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groups, respectively (Figure 5C). The number of intratumoral SMA-
positive vessels was 14.48 + 4.08 and 11.50 + 4.51 in the control group
and the everolimus-administered group, respectively (Figure 5D).
Almost all tumor cells were positive for VEGF. VEGF
immunostaining intensity of tumor cells was 214.5 + 12.3 and
216.3 + 6.49 in the control and evelorimus-administrated groups,
respectively (Figure 5E). A significant difference was found in tumor
volume, but with no significant difference between the two groups in
both the Ki67 index, VEGF expression of tumor cells and the number
of SMA-positive vessels.

10.3389/fonc.2023.1100602

Discussion

This study conducted an in vitro library screening to suppress
the self-renewal ability of spheres derived from canine mammary
adenocarcinoma CTBp and CNMp lines and extracted molecular-
targeted inhibitors, such as mTOR, hedgehog, and proteasome. This
study focused on the mTOR signal. The activation of mTOR was
observed in both sphere-forming cells and adherent cells of canine
mammary cancer, and 4E-BP, which is an mTOR downstream
signal, was activated in sphere-forming cells. Furthermore, in vitro
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Western blot analysis of mTOR signal after evelorimus and temsirolimus treatment. (A) adherent cells, (B) sphere-forming cells.
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sensitivity assay of everolimus and temsirolimus showed their
growth suppression in both adherent cells and spheres, and
everolimus revealed an antitumor effect in mice transplanted with
sphere-forming cells. These results suggest that in vitro screening by
sphere-formation assay using an inhibitor library is extremely useful
for extracting inhibitors that suppress the self-renewal ability of
CSCs in canine mammary carcinoma.

mTOR is a serine-threonine kinase that functions as a key
downstream target of the phosphatidyl-inositol-3 kinase (PI3K)/
AKT signaling pathway and has various regulatory functions, such
as cell proliferation, metabolism, angiogenesis, and autophagy (35—
37). mTOR forms a complex of mMTORCI and mTORC2, the 4E-BP1
and S6K exist downstream of mTORCI. Additionally, mTOR
activation is associated with tumor development and plays an
important role in maintaining the stemness of CSCs (36, 38). In
human breast cancer, mTOR activation in CSCs is important for
colony-forming and tumorigenicity (39). Activation of mTOR in
CSCs has been reported in various cancers, such as colon cancer,
prostate cancer, salivary gland cancer, and glioblastoma (40-43).
mTOR signaling suppression reduces aldehyde dehydrogenase
activity, which is abundant in immature cells, such as stem cells, in
colon cancer (44). Therefore, mTOR signaling has attracted attention
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as a therapeutic target for various cancers (45). Everolimus has an
inhibitory effect on breast CSCs (46, 47). Additionally, metformin
exhibits antitumor effects on breast CSCs via AMP-activated protein
kinase (AMPK) activation and mTOR suppression (48, 49). In dogs,
mTOR phosphorylation has been detected by immunohistochemistry
in various tumors, such as mammary tumors, squamous cell
carcinoma, trichoblastoma, myxosarcoma, hemangiosarcoma, and
prostate cancer (50-54). Phosphorylated mTOR expression in
canine mammary tumors is associated with tumorigenesis
and negative clinical behavior (51). Additionally, mTOR
phosphorylation has been demonstrated in many cancer lines, such
as osteosarcoma, melanoma, hemangiosarcoma, mast cell tumor,
breast adenocarcinoma, glioma, and lymphoma, by western
blotting, and rapamycin, which is an mTOR inhibitor, is associated
with decreased mTOR phosphorylation and cell viability (50, 55-58).
Cancer therapy targeting the PI3K/mTOR signaling pathway is
expected to have an antitumor effect against canine mammary
cancer and melanoma (59-61). The dual PI3K/mTOR inhibitor,
VDC597, dose-dependently reduces cell proliferation, invasion, and
vascular endothelial growth factor production in canine
hemangiosarcoma (58). However, the role of mTOR signaling in
canine mammary CSCs remains unclear. Therefore, this study

7

14 21

Day after administration

FIGURE 4

Antitumor effects of everolimus in a xenograft model transplanted canine mammary adenocarcinoma CTBp. Everolimus (n = 4, squares) or saline (n = 6,
circles) was administrated twice per week for 21 days. The differences were tested by Scheffe's F test. *P < 0.05, **P < 0.01.
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proposes the use of mTOR inhibitors as targeted therapies for CSCs
and cancer cells in canine mammary cancers, similar to human breast
cancers. Unfortunately, the mechanism of the antitumor effect of
everolimus in canine mammary cancer model mice could not be
clarified because no difference was found in mitotic figures and
angiogenesis between control and mTOR-administered groups.
VEGF, which plays an important role in tumor angiogenesis,
expression in tumor cells between control and everolimus-
administrated groups supports the result that there is no difference
in intratumoral angiogenesis between both group. Further studies will
reveal the mechanisms underlying the antitumor effect of
mTOR inhibitors.

10.3389/fonc.2023.1100602

Hedgehog (HH) signaling plays an important role not only in
promoting embryonic development and cell differentiation but also
in tumor initiation and progression (62). Additionally, HH signaling
is essential not only for normal stem cells but also for maintaining
CSC stemness (63). HH signaling pathway dysregulation in human
breast cancer has been implicated in triple-negative and HER2-
positive breast cancers and is persistently activated in CSCs, thereby
promoting CSC’s self-renewal ability (63-66). Therefore, HH
signaling is one of the cancer therapeutic targets. HH signaling in
dogs is expressed in cancer cell lines, including osteosarcoma and
transitional cell carcinoma, and HH inhibitors, such as
cyclopamine, GANT61, and vismodegib, suppress tumor
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were determined by the Student t-test and Weltch's t-test.

Histopathological evaluation of canine mammary carcinoma model mice. Tumors formed in xenografts show similar histology in both control (A) and
everolimus-administered groups (B). Hematoxylin and eosin. Scale bar = 50 um. No significant difference was found in the Ki67 index (C), smooth
muscle actin-positive microvessels density (D), and VEGF intensity (E) between the control and the everolimus-administered groups. The differences
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proliferation in these cancers (67-69). However, the antitumor
effects in canine mammary cancer-containing CSCs remained
unknown. In the present study, HH signaling, such as AY9944,
cyclopamine, and jervine, is identified as a candidate to suppress the
self-renewal ability of CSCs from the CTBp line, although detailed
analysis has not been performed. Therefore, HH signaling may be a
potential therapeutic target in canine mammary carcinoma, similar
to human breast cancers.

The proteasome inhibitor, bortezomib, showed high sensitivity
to canine mammary adenocarcinoma lines in this high-throughput
screening. Bortezomib induces cell death via proteotoxic stress and
alters the pro/anti-apoptotic protein balance by inhibiting
ubiquitinated protein degradation by the 20S proteasome (70).
Bortezomib is a Food and Drug Administration-approved
therapeutic drug for multiple myeloma and mantle cell lymphoma
(71, 72). Conversely, bortezomib monotherapy has had poor
outcomes in patients with metastatic breast cancer, whereas a
study reported 11 months of progression-free survival without
adverse events in patients with metastatic triple-negative breast
cancer with TP53 mutations (73, 74). CSCs are more resistant to
bortezomib than differentiated cancer cells, but bortezomib-
encapsulated nanoparticles can affect the stemness of CSCs
compared to free bortezomib (75, 76). Veterinary medicine has
shown higher sensitivity in canine cancer lines, including prostate
cancer, lymphoma, melanoma, and osteosarcoma, as well as
antitumor efficacy in melanoma-transplanted mice, but
bortezomib sensitivity in CSCs has never been evaluated (77-80).
Therefore, molecular-targeted therapy using bortezomib is expected
to be beneficial as a cancer treatment for dogs. Further studies will
reveal that bortezomib has antitumor effects in canine mammary
cancer, although this study performed no detailed bortezomib
analysis in canine mammary CSCs.

Sphere-forming cells are less sensitive to drugs, such as
doxorubicin, carboplatin, and cyclooxygenase-2, than adherent
cancer cells (20, 28, 29). In vitro library screening revealed the
presence of inhibitors, including Wnt, PIM, and thalidomide
family, that showed low sensitivity to the two concentrations used
in this study, suggesting that all inhibitors are insentisitive to CSCs.
Furthermore, further research is essential to determine whether
inhibitors that are sensitive to sphere-forming cells can acquire
resistance to them.

Sphere is a cancer stem cell population with self-renewal and
differentiation ability (20). Characterization of sphere-forming cells
in canine mammary carcinoma will lead not only to the elucidation
of the pathogenesis of mammary carcinoma, but also to the
development of therapies targeting CSCs (18). The tumor
microenvironment plays a critical role in the stemness of CSCs,
and also contributes to tumor progression and resistance to
therapeutic agents (81, 82). The tumor microenvironment
comprises a diverse population of cells, including fibroblasts,
cancer-associated fibroblasts (CAFs), mesenchymal stem cells,
endothelial cells, immune cells, such as T lymphocytes,
macrophages, and dendritic cells (83). However, sphere-forming
assay can not construct a microenvironment. Therefore, co-culture
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of spheres and CAFs can construct a microenvironment that is
useful for further characterization of CSCs (84). Furthermore,
organoids are formed in 3-dimentional cultures, but, unlike
spheres, they form mimics of cancer tissues composed of CSCs,
cancer cells, and microenvironment that are construct in vivo (85).
In further research, in addition to spheres, in vitro drug screening
targeting cancer organoids will be essential for the development of
new therapeutic strategies in veterinary medicine.

Canine mammary cancer is an excellent spontaneous
intermediate animal model for human breast cancer study, and
new therapeutic studies for canine mammary cancer are a promising
area in comparative oncology. However, the results of this study are
limited to cell culture and mammary cancer model mice, and the
therapeutic effect in dogs with mammary cancer remain unclear. In
the future, clinical trials in dogs with breast cancer are essential.
Therefore, establishing new therapeutic strategies and developing
novel therapeutic protocols for canine mammary cancer is expected
to bring beneficial benefits not only to veterinary medicine but also
to human breast cancer treatment. Human and canine oncology
need to collaborate in breast cancer research following the one
health concept.
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Introduction: In Asians, more than half of non-small cell lung cancers (NSCLC)
are induced by epidermal growth factor receptor (EGFR) mutations. Although
patients carrying EGFR driver mutations display a good initial response to EGFR-
Tyrosine Kinase Inhibitors (EGFR-TKIs), additional mutations provoke drug
resistance. Hence, predicting tumor dynamics before treatment initiation and
formulating a reasonable treatment schedule is an urgent challenge.

Methods: To overcome this problem, we constructed a mathematical model
based on clinical observations and investigated the optimal schedules for EGFR-
TKI therapy.

Results: Based on published data on cell growth rates under different drugs, we
found that using osimertinib that are efficient for secondary resistant cells as the
first-line drug is beneficial in monotherapy, which is consistent with published
clinical statistical data. Moreover, we identified the existence of a suitable drug-
switching time; that is, changing drugs too early or too late was not helpful.
Furthermore, we demonstrate that osimertinib combined with erlotinib or
gefitinib as first-line treatment, has the potential for clinical application. Finally,
we examined the relationship between the initial ratio of resistant cells and final
cell number under different treatment conditions, and summarized it into a
therapy suggestion map. By performing parameter sensitivity analysis, we
identified the condition where osimertinib-first therapy was recommended as
the optimal treatment option.

Discussion: This study for the first time theoretically showed the optimal
treatment strategies based on the known information in NSCLC. Our
framework can be applied to other types of cancer in the future.

KEYWORDS

computational modeling, drug resistance, cancer evolution, lung cancer, optimal
treatment strategy
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Introduction

Among all the cancer types, lung cancer causes the highest
number of cancer-related deaths. 26% of cancer-related deaths in
males and 25% in females are induced by lung cancer (1). In Asians,
53% of non-small cell lung cancer (NSCLC) progression is induced
by epidermal growth factor receptor (EGFR) mutations, such as the
L858R mutation, exon 19 deletion, and exon 20 insertion (2).
Besides, EGFR has been recognized as an oncogenic driver of
NSCLC, making it increasingly important in the era of precision
medicine for lung cancer (3).

EGFR belongs to the receptor tyrosine kinase (RTK) family.
EGFR is activated by various ligands in the extracellular
environment and transmits cellular responses to mediate many
cellular activities, including cell proliferation, survival, growth, and
development. It is expressed in many organs, with its abnormal
expression associated with a variety of cancers. EGFR has an
extracellular ligand-binding domain, hydrophobic transmembrane
domain, and cytoplasmic tyrosine kinase domain. The driver
mutations in EGFR associated with cancers are concentrated in
the tyrosine kinase domain, forming exons 18-21 (4-7). More than
200 types of EGFR mutations have been identified, but the most
common types are exon-19 deletion and the L858R mutation in
exon 21 (8, 9). Approximately 44% of EGFR-mutated patients
harbor exon-19 deletion, and 31% have the L858R mutation (10).

Although EGFR was first identified in 1977, EGFR-targeted
antitumor drugs were first reported in 1994 (11). After the first
report of EGFR-targeted therapy, first-generation EGFR-Tyrosine
Kinase Inhibitors (EGFR-TKIs) were not approved until 2004 (12).
Subsequently, the second-generation EGFR-TKI, afatinib, was
approved in 2014. First- and second-generation EGFR-TKIs are
effective in most cases of lung cancer harboring EGFR driver
mutations (13-16). However, acquiring mutations, such as the
T790M mutation, causes drug resistance and induces treatment
failure (17, 18). In 2015, the third-generation EGFR-TKI
(osimertinib), which inhibits both driver mutations and the
T790M mutation, was approved as a second-line drug for patients
with EGFR mutations (19-22). Although osimertinib is clinically
effective, the emergence of additional mutations, such as the C797S
mutation, induces resistance to osimertinib (23-25). Clinical
observations suggest that optimized treatment schedules can help
patients achieve better therapeutic effects (26-28). Thus, predicting
resistance evolution and making reasonable treatment schedules in
advance are necessary to delay the appearance of drug resistance
and prolong the time of recurrence. However, even with knowledge
of medical and genetic information in the early stage, such as tumor
size and the proportion of different genotypes, it is still difficult to
simulate the future development of tumors using traditional
biological techniques alone.

Mathematical modeling is an approach for simulating realistic
problems using mathematics and computational algorithms. This
can offer a better understanding of how tumors evolve during
treatment, which can be visualized in vivo. Thus, it can help us
predict tumor dynamics under certain treatment schedules,
compare different treatments, and even suggest optimal treatment
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strategies. Many studies have demonstrated the capability of
mathematical modeling in cancer-related research (29-33). For
example, Diaz Jr. et al. developed a mathematical model of cell
kinetics during chemotherapy to predict the emergence of resistant
genotypes in colorectal cancer (30). Castagnino et al. established a
mathematical model of a genetic network to identify novel
molecular targets for the treatment of colorectal cancer (34). In
this way, we decided to employ mathematical modeling to predict
tumor evolution and direct reasonable treatment schedules for lung
cancer patients harboring EGFR mutations.

In this study, we establish a novel mathematical model of lung
cancer evolution under EGFR-targeted therapy based on clinical
observations. Parameter values in the model are estimated from
published literature, and the results are confirmed using clinical
observations. Moreover, we examine the relationship between the
timing of switching drugs and the final number of cells in the
tumor. Furthermore, we compare the combinatorial use of EGFR-
TKIs to their sequential use to test their potential for clinical
application. Finally, we investigate how intratumoral
heterogeneity at the initial time of therapy affects treatment
outcomes. The simulation results are comprehensively tested by
parameter sensitivity analysis in order to identify the condition
where each treatment strategy becomes the best option. Our
framework is expected to be capable of suggesting reasonable
individualized medicine for EGFR-mutated NSCLC.

Materials and methods
Mathematical model

Based on clinical observations (35, 36), we established a
mathematical model that describes the dynamics of the four types
of EGFR-mutated cells under two types of EGFR-TKIs (Figure 1).
There are two different types of EGFR-TKIs in the model: one is
“DrugA,” representing the first- or second-generation EGFR-TKIs
named gefitinib, erlotinib or afatinib; and the other is “DrugB,”
representing osimertinib. Four cancer cell types are denoted by
“Type-W,” “Type-X,” “Type-Y,” and “Type-Z”. Type-W is sensitive
to both DrugA and DrugB, indicating cancer cells with driver EGFR
mutations, such as L858R mutations or exon-19 deletion. Type-X
cells are resistant to DrugA but sensitive to DrugB, indicating cells
with T790M mutations. Type-Y is sensitive to DrugA but resistant
to DrugB, indicating cells with C797S mutations. Type-Z is resistant
to both DrugA and DrugB. Summarizing the relationship between
drugs and cells, under DrugA treatment, Type-W and Type-Y will
decrease, but Type-X and Type-Z will increase, whereas under
DrugB treatment, Type-W and Type-X will decrease, but Type-Y
and Type-Z will increase. According to published clinical studies
(37-39), when DrugA was administered as first-line treatment,
Type-X eventually became dominant in the tumor. After
switching from DrugA to DrugB, the frequency of Type-X
decreased, and only Type-Z continued to grow and dominate the
tumor. However, when using DrugB as the first-line treatment,
Type-Y will replace Type-W as the major population. After
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FIGURE 1
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® Type-W

® Type-X
O Type-Y
© Type-Z

Illustration of the Model. Blue cells represent EGFR-TKI sensitive genotypes (for example, EGFR-8%®R and EGFRY"°), orange cells represent
osimertinib sensitive genotypes (such as EGFR-858R-T790M o EGFRAE19-T790M) "yaliow cells represent osimertinib-only resistant genotypes (for
instance, EGFR8%8R-C797S o EGFRIS19-C7975) green cells represent all EGFR-TKI resistant genotypes (like EGFR-858R-T790M-C7975 5pq EGFRIE!-19-

T790M C7Q7S)

switching from DrugB to DrugA, only Type-Z became the donor
population in the tumor.

In this mathematical model, we assumed that each cell type itself
increases in number by cell division and mutates into a resistant type at
a low mutation rate. We did not consider back mutations that were
resistant to the sensitive cells. Moreover, according to the purpose of
this study, we only focused on mutations related to drug resistance and
assumed that other mutations are neutral and do not affect the growth
kinetics. Then the dynamics of Type-W, Type-X, Type-Y, and Type-Z
are given by Egs. (1)

aw

praatlt (1.1)
%:gw+hx (1.2)
%:hw+cy (1.3)

%=kw+px+qy+fz (1.4)

Here, the variables w, x, y,and z represent the cell numbers of Type-
W, -X, -Y, and - Z, respectively. Parameters 4, b, ¢, and fare the growth
rates of Type-W, Type-X, Type-Y, and Type-Z, respectively,and g, h, k,
p> and g are the mutation rates from type-W to Type-X, Type-W to
Type-Y, Type-W to Type-Z, Type-X to Type-Z,and Type-Y to Type-Z,
respectively. Because no other cell type can mutate into Type-W, the
number of Type-W cells is affected by its kinetics only. However, Type-
W will mutate into Type-X, Type-Y, and Type-Z.

Solution of equations

The Egs. (1) can be solved and given by Egs. (2)

w(t) = Woe™ (2.1)
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. DrugA involved the first- and second-generation EGFR-TKIs (erlotinib, gefitinib, and afatinib), and DrugB is osimertinib.

x(t) = Xoebt + —af b Woe(at_bt)ebt

h ) elt
y(t) — Yoect + — Woe(ut ct)e

S [Wo o@t-f)(q2k — abk — ack + bck + agp+

abvac—bc-a? la—f
ahq — cgp — bhq)
N ;%« ¥ (a2p — abp — acp + bep)

z(t) = Zoeﬂ -

+fT"fe(“’ﬁ)(a2q —abq — acq + beq )]
(2.4)

The equations describe the cell number of each type over time
(t) during therapy. Wy, X, Yo, and Z, represent the initial cell
numbers of Type-W, -X, -Y, and Type-Z in the tumor. Please refer
to Table 1 for the meaning of each letter in the model.

Parameter evaluation

The parameter values were obtained from the published data
(Table 2) (40-42). Since we obtained growth parameters under
erlotinib and osimertinib treatments, we regarded these drugs as
representative of DrugA and DrugB, respectively. Since Starrett
et al. (41) reported that first-line therapy with erlotinib and
osimertinib delayed the emergence of secondary mutations in
untreated EGFR-mutated NSCLC, thus, for combination therapy,
we defined a combinatorial regimen of erlotinib plus osimertinib as
DrugC. Based on genome-editing cell line experiments (40), we
adopted the growth rate of EGFR-L858R mutated cells for Type-W
as -0.17 [/day] under DrugA (a,) and -0.32 [/day] under DrugB
(ap). Note that the subscript of each growth rate represents the
condition of drugs, i.e., a4 represents the growth rate of Type-W
under DrugA. From Starrett et al. (41), we adopted the growth rate
of EGFR-L858R/C797S mutated cells for Type-Y as -0.13 [/day]
under DrugA (c4) and 0.024 [/day] under DrugB (cp). The growth
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TABLE 1 Parameter notation in the mathematical model.

10.3389/fonc.2023.1137966

Cell Type Cell Number Initial Cell Number Growth Rate Mutation Rate
Type-W w Wy a /
Type-X x Xo b g
Type-Y y Yo c h
k (from W),
Type-Z z Zy f p (from X),
q (from Y)

rate of EGFR-L858R/T790M/C797S mutated cells for Type-Z is
0.022 [/day] under DrugB (fg), and the growth rate of EGFR-L858R/
C797S mutated cells for Type-Y is -0.0335 [/day] under DrugC (cc).
According to Gunnarsson et al. (42), we set all the mutation rate as
107 [/day] (g h, k p and q).

Based on the adopted parameters, we assumed all the other
parameter values. Because the growth rate of Type-Y under DrugC
is approximately 26% of that under DrugA (-0.0335/-0.13), we
calculated the growth rate of Type-W in DrugC as 26% of that
under DrugA, which is -0.064 [/day] (ac). We assume the growth
rate of Type-X under DrugC is same as Type-Y, which is -0.0335
[/day] (bc). Moreover, we assumed the growth rate of Type-X under
DrugB as -0.15 [/day] (bp), which is smaller than that of Type-Y
under DrugA (c4) based on clinical observation (20, 21) where the
first-line treatment by DrugB showed better prognosis than that by
DrugA. Based on the same reason, we assumed the growth rate of
Type-X cell under DrugA as 0.045 [/day] (b4). Finally, since Type-Z
is resistant to both DrugA and DrugB, we assume its growth rates
under DrugA and DrugC are same as that under DrugB effect,
which is -0.022 [/day] (fs and fc).

As for the initial condition of simulations, the initial total cell
number of the tumor is set to be 10%, and the standard initial cell
number of Type-X (Xo), Type-Y (Yy), Type-Z (Z,), and Type-W
(W), is 10%, 10% 10, and the rest component, respectively. The
initial total cell number is set to be 10° because the diameter of a
tumor at this point is about lcm and a detectable size clinically.
About the drug switching time in monotherapy, we set day-307
(sta=307) under DrugA-first therapy and day-567 (stb=567) under
DrugB-first therapy based on clinical statistic data of the median
Progression-Free Survival (mPFS) (20). The whole treatment time is
assumed to be 1000 days (T=1000) in our simulation because 1000
days is long enough to compare the treatment options.

TABLE 2 Parameter values with different therapies.

Computational simulation

We used Python (version 3.8.8) to simulate our model. We did
time course simulation of different therapies for checking whether
our model can express the progression of tumor as clinical
observation. Then, we simulated the relationship between drug
switching time and final cell number to theoretically figured out the
possible affects that could influence therapy effects. Moreover, we
simulated how parameters affected final cell number in different
therapies. All the codes for simulations can be found in our GitHub
open repository: https://github.com/yuqianxigua/EGFR-
TKIs-therapy.

Results

Tumor evolution under
different treatments

We simulated Egs. (2) to predict tumor progression under
different treatments, including monotherapy and combination
therapy. When DrugA was used as first-line treatment
(Figures 2A, D), Type-W and Type-Y decreased, whereas Type-X
and Type-Z increased. Once Type-X became the dominant
population, the tumor started to grow again and would no longer
be sensitive to the first treatment. We then changed this drug to
DrugB. In this study, we set the drug-switching time at day 307 (t=
307) based on clinical observations of the median Progression-Free
Survival (mPFS) of erlotinib treatment (21). Under the second-line
medication of DrugB, the growth of Type-W and Type-X was
suppressed, but that of Type-Y and Type-Z increased. Finally,
Type-Z became the major population. The simulation results

Parameters Growth Rate (/day) Mutation Rate (/day)
a o] c f o] h k p o]
Drug (L858R) (L858R/ (L858R/ (L858R/T790M/ (W—X) (W-Y) (W—=Z) (X=Z) (Y=2)
T790M) C7979S) C797S)
A(erlotinib) -0.17 0.045 -0.13 0.022 107 107 107 107 107
B(osimertinib) -0.32 -0.15 0.024 0.022 107 107 107 107 107
C(e+0) -0.064 -0.0335 -0.0335 0.022 107 107 107 107 107
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demonstrated a trend of tumor evolution under erlotinib-first
treatment. At the end of our simulation period, set as day 1000
(t=1000), the cell number of the tumor was 2.12x 10'% Next, we
examined the DrugB-first treatment. The main population changed
from Type-W to Type-Y and Type-Z (Figures 2B, E). During the
treatment period, Type-W and Type-X decreased, whereas Type-Y
and Type-Z increased. Once Type-Y became the main population,
the tumor started to grow again and was no longer sensitive to
DrugB. Herein, we switched drugs at day 567 (¢=567) because the
mPFS was approximately 567 days under the osimertinib treatment
(21). When DrugA was used as the second-line treatment, Type-Y

A ..
Erlotinib-first
o] —w
—_—X
1012 — Y
—_z
- —— cell numbers
o 10
8
E]
s 100
Z
=
5 108
o
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10°
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Time/Day
B . ..
Osimertinib-first
06 — W
—_— X
1012 Y
—_—Z
- —— cell numbers
2
g
=
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=
Q
@]

0 200 400 600 800 1000
Time/Day
c Erlotinib + osimertinib
0] — W
— X
1012 Y
—Z
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Time/Day

FIGURE 2

Time course simulation results of monotherapy and combination therapy. The results of the simulations are depicted in (A—C). The x-axis is time,
and the y-axis is the cell number. The blue, orange, yellow and green curves represent the dynamics of Type-W, -X, -Y, and -Z, respectively. The
purple curve represents the total cell number. The expected tumor progression tendencies are depicted in (D, E, F). The blue, orange, yellow, and
green cells are Type-W, -X, -Y, and -Z, respectively. In the simulation of erlotinib-first (A), the main population changed from Type-W to Type-X for
a while. After changing erlotinib to osimertinib at day 307, Type-X decreased, and Type-Z became the dominant population in the end. This
simulation result represents the tumor evolution tendency shown in (D). The simulation product of osimertinib-first is shown in (B). The tumor
response to osimertinib increased in the beginning, but as Type-Y became the main population, osimertinib-resistance appeared. After the change
to erlotinib at day 567, Type-Y decreased, and the tumor response to treatment increased again. However, Type-Z became the central population
causing drug resistance. This simulation result represents the tumor evolution tendency shown in (E). In the combination therapy (C), the main
population changed from Type-W to Type-Z. This result represents the tumor evolution tendency shown in (F).
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was suppressed, and Type-Z continued to grow and dominated the
tumor. Compared with the presumed evolution (Figure 2E), our
model profitably reflected the tumor progression of osimertinib-
first treatment. In this treatment schedule, the tumor recurred at
day 490, which was longer than that of erlotinib-first therapy.
Additionally, at the end of our simulation period (+=1000), the
total cell number was 1.09x 10'?, which was less than that of the
DrugA-first treatment.

Furthermore, we investigated the outcomes of combination
therapy (DrugC) by using DrugA and DrugB at the same time as
first-line treatment (Figures 2C, F). When DrugC was applied as the

erlotinib osimertinib

(2
K

osimertinib (

erlotinib

osimertinib

@ Type-W
@ Type-X
O Type-Y
© Type-Z
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first-line treatment, Type-W, Type-X, and Type-Y decreased, and
only Type-Z continued to increase because it was resistant to both
DrugA and DrugB. Type-W is the main population in the early
phase of treatment, and eventually, Type-Z replaced Type-W to
become the main population in the tumor. During medication,
neither X nor Type-Y dominated the population. At day 1000, the
total cell number was 4.2 x 10'2,

Drug-switching time and final cell number

To examine the relationship between drug-switching time and the
development of the total cell number of the tumor, we simulated the
tumor dynamics and measured the total cell number at day 1000 with
various drug-switching times (Figure 3). In the case of DrugA-first
treatment (Figure 3A), the lowest final total number of cells was 2.0x
10'%, while it was about 1.0 x 10'? in the case of DrugB-first treatment
(Figure 3B). This implied that first-line treatment with DrugB
displayed better treatment outcomes than DrugA-first treatment.
Moreover, the total number of cells at day 1000 remained essentially
the same in an appropriate range of drug-switching times under both
DrugA- and DrugB-first treatments. This suggested the existence of an
optimal drug-switch period, and it was not advisable to switch drugs
too early or too late. Furthermore, comparing the suitable drug-
switching time period for these two treatments, DrugB-first therapy
had a broader range than DrugA-first. In the DrugB-first treatment,
switching drugs from days 200 to 900 was acceptable (Figure 3B).
However, in DrugA-first therapy, the suitable drug-switching time
ranged from day 100 to day 450 (Figure 3A).

Cell initial proportion dependence

To investigate the effect of the initial proportion of different
mutant cells on the final cell number, we simulated how the final
cell number changes with the increase of mutant cell proportion in
different treatment strategies (Figure 4). We explored the effect of
only one resistant cell type at one time, keeping other conditions
constant as the standard condition. For Type-X and Type-Y, we
tested the change in initial proportion from 10 to 107, and for

Erlotinib-first

— total cell numbers

Total cell number at day 1000

0 200

Drug-switch time [day]

400 600 800 1000

FIGURE 3
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Type-Z from 107 to 107, With the increase of Type-X cell
(Figures 4A-C), the final cell number did not change under
DrugB-first therapy (Figure 4B) and combination therapy
(DrugC) (Figure 4C) but increased in DrugA-first therapy
(Figure 4A) once the initial proportion of Type-X exceeded 107
Similarly, in Type-Y dependence simulations (Figures 4D-F), the
final cell number increased only in DrugB-first therapy (Figure 4E)
when the initial proportion of Type-Y became larger than 107, In
addition, in Type-Z dependence simulations (Figures 4G-I), the
final cell number increased once the initial proportion of Type-Z
cell became larger than 10”7 under all treatments. Within the range
of initial cell proportion that did not cause an increase in the final
cell number, DrugB-first therapy always showed the smallest
number of total cells at day 1000.

Therapy selection map

In order to identify which treatment strategy is optimal in a given
case, we compared the final total cell number in different treatments
with the change of the initial Type-X and Type-Y cell proportion and
summarized the results in a therapy selection map (Figure 5). In this
simulation, we kept the initial number of Type-Z constant as 10. By
comparing the final total cell number under these three treatment
strategies in the different initial proportions of Type-X and Type-Y
cells, we determined the best strategy by realizing the smallest cell
number at day 1000. The simulations were performed in the same
method as used in Figure 2. From this map, we noticed that DrugB-first
therapy was the optimal choice when tumors harbored a low initial
proportion of Type-Y cells. However, DrugA-first therapy could still be
advisable if the initial proportion of Type-Y cells was more significant
in the tumor cluster. Furthermore, this map indicated that when both
Type-X and Y cells had a high initial proportion in the tumor cluster,
combination therapy (DrugC) was the optimal choice.

Parameter sensitivity analysis

To investigate the parameter sensitivity, we analyzed how the
total cell number at day 1000 changed with parameters under those

Osimertinib-first

T
— total cell numbers

Total cell number at day 1000

0 200

Drug-switch time [day]

400 600 800 1000

Drug switch time and final total cell number. The x-axis is drug-switch time, and the y-axis is the total cell number at day 1000. In panel (A), the
simulation result using erlotinib as a first-line treatment is shown. The lowest total cell number at day 1000 is approximately 2 x 102, In panel (B),
the case of first-line Osimertinib treatment is shown. The lowest total cell number at day 1000 is approximately 1 x 102,
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three treatment strategies (Figure 6). In the analysis of the growth
rate of Type-W cell (a), the final total cell number increased with
the increase of a, under DrugA-first therapy (Figure 6A1); the
increase of ag under DrugB-first therapy (Figure 6A2); and the
increase of ac under the combination therapy (Figure 6A3). As for

Initial proportion of Y-Cell

Erlotinib-first therapy
mm Osimertinib-first therapy
mm Combination therapy (Erlotinib + Osimertinib)

10

107 100 100 10 107

Initial proportion of X-Cell

10

FIGURE 5

Initial Proportions of Type-X and -Y cells and treatment strategy
selection. The x-axis is the initial ratio of Type-X, and the y-axis is
the initial ratio of Type-Y. The yellow region means that osimertinib-
first therapy is the optimal therapy, the blue region means erlotinib-
first therapy is the optimal therapy, and the green region means
combination therapy (erlotinib+osimertinib) is the optimal choice
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the growth rate of Type-X cell (b) and Type-Y cell (¢), they did not
affect the final total cell number significantly in our simulated value
range (Figures 6B, C). Moreover, about the growth rate of Type-Z
cell (f), the final total cell number increased with fc under the
combination therapy (DrugC) (Figure 6D). Concerning the effect of
mutation rates (Figure 6E-I), their influence was different based on
therapy strategies. In DrugA-first therapy, the increase of ga, h4, ka,
pa and qu increased the final total cell number. Meanwhile, the
increase of gg, hp, kp, pp and g increased it in DrugB-first therapy.
In the combination therapy (DrugC), only k¢ increased it (Figure 6).

Parameter dependence on the therapy
selection map

Since several parameter values were set by our own
assumptions, we investigated how these values affected the
optimal choice of treatment in detail (Figure 7). In this analysis,

we changed one focused parameter value, made a therapy-selection
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map as described in Figure 5, calculated the area of each strategy on
the map and showed the area composition of each strategy at each
parameter value. Especially, we investigated the dependence of
growth rates of Type-W (a) and Type-Z (f) cell, and mutation
rate from Type-W to Type-Z cell (k) under the three treatment
strategies. As a result, the area where DrugB-first therapy exhibited
superiority was large in the a4, ap, and ac,-dependent analyses
(Figures 7A-C). When the DrugB effect was weak against Type-W
cell, the DrugA-first therapy became superior (Figure 7B).
Moreover, when we changed growth rates of Type-Z under the
three strategies, the DrugB-first therapy was the best option again
except the cases where the growth rate of Type-Z under DrugA and
DrugB was large (Figures 7D, E), and the growth rate of Type-Z
under DrugB and DrugC was small (Figures 7E, F). Finally,
changing the mutation rate under the three treatment strategies,
DrugB-first therapy was the best option in most cases (Figures 7G-
I). When the mutation rate (k) was small under DrugA and DrugC,
and large under DrugB, DrugA-first or DrugC therapy became the
best option (Figures 7G-I).

Discussion

In this study, we proposed a new mathematical model of EGFR-
mutated NSCLC. First, our model successfully reproduced the
process of tumor evolution under different treatment schedules,
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including monotherapy and combination therapy (Figure 2). In the
erlotinib-first treatment (i.e., DrugA-first treatment), the drug was
switched at day 307, while at day 576 it was switched in the
osimertinib-first treatment (i.e., DrugB-first treatment). Next, we
compared the effects of the two therapies. Our simulation results
indicated that first-line osimertinib therapy was better than
erlotinib. Within the same time period, for example, 1000 days in
our study, osimertinib-first therapy resulted in a lower total cell
number. Furthermore, the tumor recurred at nearly 500 days in
osimertinib-first therapy compared to approximately 300 days in
erlotinib-first therapy. This implied that first-line osimertinib
therapy could suppress the growth of tumors more effectively
than first-line erlotinib therapy, and could prolong the time of
tumor recurrence. In the FLAURA project, clinical statistical data
also revealed that EGFR-mutated NSCLC patients treated with
osimertinib-first therapy had longer median mPFS (20, 21). This
statistical study indicated the validity of our proposed
model. Additionally, we noticed that in monotherapy, the total cell
count was relatively low over a range of drug-switching times
(Figure 3). This finding describes the existence of a suitable drug-
switching phase, which suggests that it is not advisable to change the
drug at a very early or late stage. In the suitable range of drug
switching times, our simulation results showed that osimertinib-
first therapy had a relatively lower total cell number than erlotinib-
first therapy at day 1000. This result also indicates the potential of
osimertinib as a first-line therapy in clinical applications. In
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Parameter dependence on the area compositions of the three strategies in the optimal strategy map. We analyzed the composition of optimal
therapies among DrugA-first therapy, DrugB-first therapy, and DrugC therapy in therapy selection map with the change of parameters. The x-axis is
the parameter to be focused, the y-axis is the percentage of the area of the optimal therapies in the therapy selection map. The dependence of
growth rates of Type-W (A—C), and Type-Z cell (D—F), and mutation rate from Type-W to Type-Z cell (G-I) under the three treatment strategies
were tested. The yellow, blue, and red lines are DrugA-first therapy, DrugB-first therapy, and DrugC therapy, respectively

addition, the appropriate drug-switching time range in osimertinib-
first treatment was broader than that in erlotinib-first.
Furthermore, we explored the influence of tumor heterogeneity
on therapeutic effects (Figure 4). By analyzing the relationship
between the initial cell number and total cell number at the end
of the tested time, we learned that the therapeutical effects depended
on the initial ratio of resistant types in untreated tumors, and
sensitive type did not affect it. According to the simulation results,
when the initial ratio of Type-X exceeded the threshold, only the
total cell number in the erlotinib-first therapy became large
(Figure 4A). In the case of Type-Y, only osimertinib-first therapy
resulted in large number of cells (Figure 4E). As for Type-Z, when
its number became sufficiently large, the final total cell number
developed rapidly in all the tested treatment schedules (Figures 4G-
I). These results indicated that a high proportion of drug-resistant
cells is associated with poor treatment efficacy. This conclusion
suggests that if the tumor harbors a high ratio of Type-X,
osimertinib-first is better than erlotinib-first. However, with a
high initial ratio of Type-Y, erlotinib-first was better. Importantly,
by combining this information, we for the first time theoretically
revealed the relationship between the choice of treatment strategy
and the initial proportion of Type-X and -Y cell (Figure 5). These
findings indicated the advantage of first-line osimertinib treatment
and revealed the influencing factors when determining treatment
plans. Parameter sensitivity analysis about the total cell number and
the best treatment choice confirmed the region where osimertinib-
first therapy was superior to other options (Figures 6 and 7).
Especially, we noticed that among the parameters, growth rate of
Type-W and Type-Z cell and mutation rate from Type-W to Type-
Z made a significantly change in the therapy selection map
(Figure 7). Thess findings indicated the importance of
suppressing all-drug-sensitive (Type-W) and all-drug-resistant
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(Type-Z) cells. This implied that during the treatment, not only
the emergence of secondary resistant cells, but also the response of
all-drug-resistant and -sensitive cells to drugs should be considered.

Furthermore, the simulation results showed that the combination
of two types of EGFR-TKIs (erlotinib + osimertinib) as first-line
therapy has the potential for clinical applications. Recently, several
clinical studies have combined two types of EGFR-TKIs (first- and
third-generation TKIs) as first-line treatment. In 2017, Wang et al. first
reported the combination of erlotinib and osimertinib in patients with
EGFR-mutated NSCLC patients (37). They illustrated the expediency
of this type of treatment strategy. In addition, Rotow et al. applied
gefitinib plus osimertinib as the first-line treatment for untreated
patients with EGFR-mutated NSCLC (43). Their results showed the
feasibility of conducting EGFR-TKI combination therapy, and survival
analysis is in progress. In this study, we explored the combination of
erlotinib and osimertinib as first-line therapy and explained the
advantages of this method from a theoretical level. Especially, the
drug response time with combination therapy was longer than that
with monotherapy. Based on our simulation results, the recurrence
time under combination therapy was longer than 500 days, whereas it
was approximately 450 days in osimertinib-first treatment and 300
days in erlotinib-first therapy. This finding implied that the ability of
combination therapy to prevent the emergence of acquired mutations
and prolong the drug response time was even better than osimertinib-
first treatment, which suggested its potential in clinical applications.

Based on the above, the versatility exhibited by the simulation
results suggests that our model has the potential to be applied to
simulate other similar cases in different cancer types. For further
study, some clinical information about patients, such as age, sex,
and the degree of malignancy of the tumor, may be considered in
the parameter estimation. Thus, this model can be used to develop
individual treatment schedules in the future.
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Evolutionary reversion
in tumorigenesis

Yosuke Nagahata® and Hiroshi Kawamoto*

Laboratory of Immunology, Institute for Life and Medical Sciences, Kyoto University, Kyoto, Japan

Cells forming malignant tumors are distinguished from those forming normal
tissues based on several features: accelerated/dysregulated cell division,
disruption of physiologic apoptosis, maturation/differentiation arrest, loss of
polarity, and invasive potential. Among them, accelerated cell division and
differentiation arrest make tumor cells similar to stem/progenitor cells, and this
is why tumorigenesis is often regarded as developmental reversion. Here, in
addition to developmental reversion, we propose another insight into
tumorigenesis from a phylogeny viewpoint. Based on the finding that tumor
cells also share some features with unicellular organisms, we propose that
tumorigenesis can be regarded as “evolutionary reversion”. Recent advances in
sequencing technologies and the ability to identify gene homologous have made
it possible to perform comprehensive cross-species transcriptome comparisons
and, in our recent study, we found that leukemic cells resulting from a polycomb
dysfunction transcriptionally resemble unicellular organisms. Analyzing
tumorigenesis from the viewpoint of phylogeny should reveal new aspects of
tumorigenesis in the near future, and contribute to overcoming malignant
tumors by developing new therapies.

KEYWORDS

tumorigenesis, evolution, unicellular organism, multicellularization, cross-species
comparison, transcriptome

Developmental reversion in tumorigenesis

Cells forming malignant tumors are distinguished from those forming normal tissues
based on several features. The first is accelerated/dysregulated cell division with disruption
of physiological apoptosis, which makes it easy for malignant cells to proliferate and
difficult for them to die (1, 2). The second and third are maturation/differentiation arrest
and loss of polarity, which make malignant cells different from normal cells in appearance,
and enables us to make pathological diagnoses including dysplasia (3, 4). The fourth is
invasive potential, which enables malignant cells to invade through the basement
membrane and spread to other organs resulting in metastasis (2, 5, 6). Among these
features, accelerated cell division and maturation/differentiation arrest make malignant
tumor cells similar to normal undifferentiated cells or stem/progenitor cells, and thus
tumorigenesis is often regarded as a reversion of differentiation (7, 8) (Figure 1).
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Tumorigenesis can be well explained as an evolutionary reversion. In the normal differentiation of epithelial cells (gray arc arrow), tissue stem cells with
self-renewal potential generate differentiated progeny cells. In tumorigenesis (red arc arrow), malignant tumor cells acquire self-renewal potential and
have an immature phenotype, which makes tumor cells similar to stem cells. In the evolutionary history of early animals (blue arc arrow), ancient
unicellular organisms had no basement membrane (purple line) and they proliferated indefinitely. With the onset of multicellularization, early multicellular
animals evolved epithelial cells with a basement membrane. Normal stem cells share the proliferative capacity and immature phenotype with malignant
tumor cells, but not the invasive potential through a basement membrane. Unicellular organisms share all of these features with malignant tumor cells.
Shared features between differentiation/development and evolution are conceptualized as recapitulation theory and hourglass theory (9, 10), and
inversely shared features between differentiation/development and tumorigenesis are conceptualized as developmental reversion in tumorigenesis. Here,
we proposed that inversely shared features between evolution and tumorigenesis can be conceptualized as evolutionary reversion in tumorigenesis. BM,

basement membrane.

The grade of undifferentiated status is clinically important
because it is a prognostic factor in some malignant tumors such
as thyroid tumors (11) and acute myeloid leukemia (AML) (12-14);
undifferentiated tumors are typically more malignant and have an
unfavorable prognosis. One limitation of studies until a few decades
ago was that comparison was based on the microscopic appearance
of tissue sections or cell smear samples, or on expression profiles of
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genes of probable interest by reverse-transcription PCR or
microarray experiments. Although these classifications are
valuable and have resulted in improving clinical outcomes, they
are neither unbiased nor comprehensive evaluations, and the
possibility of unintended bias cannot be completely excluded.
Recent advances in the analysis of cell status with next-
generation sequencing, e.g., RNA sequencing, make it possible to
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evaluate cell status comprehensively without or at least with
minimum bias. We are now able to comprehensively compare
grades of undifferentiated status of different cells. Some malignant
tumor-specific gene expression profiles have been revealed by
comparing transcriptome data of cancer cells and normal cells
using RNA sequencing technologies (15). In AML, transcriptomic
analysis with RNA sequencing data confirmed that undifferentiated
leukemia has a worse prognosis (16-18). These technological
advances firmly established that malignant tumor cells have some
aspects of reversion of differentiation even when evaluated
comprehensively (19, 20). However, while normal stem cells and
tumor cells share features such as accelerated proliferation and
maturation/differentiation arrest, these two cell types are
definitively different in that the latter cells threaten our lives. In
other words, reversion in differentiation does not fully explain
tumorigenesis and, therefore, it is still important to seek other
aspects of tumorigenesis in order to completely understand what
malignant tumor cells are and how they arise.

When malignant tumor cells and normal stem cells or benign
tumor cells are compared, the invasive potential is an essential
feature of the malignant cells. Indeed, this feature makes malignant
tumor cells “malignant”; tumor cells invade through a basement
membrane and some of them metastasize into other organs (21, 22).
In cases with metastatic lesions, patients cannot be cured even if the
primary tumor is surgically resected. Loss of polarity is another
important feature and pathologist often make a diagnosis based on
this (23, 24). Loss of cell polarity is also found in cells in dysplastic
tissue, which can be regarded as a premalignant state. Collectively,
tumorigenesis cannot be explained simply by the phenomenon of
developmental reversion.

Malignant tumor cells share some
features with unicellular organism

Here, in addition to developmental reversion, we propose
another insight into tumorigenesis from the viewpoint of
evolution and phylogeny. When malignant tumor cells and
normal cells are compared with unicellular organisms, the tumor
cells share more features in common. In an adequate environment,
typical unicellular organisms divide indefinitely, lack a basement
membrane, and have no/less cell polarity compared with epithelial
cells of animals (25) (Figure 1). Among them, lacking basement
membrane or invading through it enables unicellular organisms and
malignant tumor cells to be distinguished from normal stem/
progenitor cell. As invasive potential is an essential for
malignancy, evolutionary reversion explains tumorigenesis better
than developmental reversion. Together with the fact that
multicellular animals including Homo sapiens evolved from an
ancestral unicellular organism, it is possible to conceptualize that
tumorigenesis represents an evolutionary reversion (Figure 1). This
evolutionary model in tumorigenesis is different form a traditional
tumor micro-evolution model. While the traditional model focuses
on tumor evolution in individuals, our model focuses on similarities
between tumor cells and unicellular organisms from a view point of
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phylogeny. Although these two models differ, they can complement
each other, and help us understand tumorigenesis more precisely.
Up to now, there are few studies reporting a relationship
between tumorigenesis and phylogenetic evolution. Davies and
Lineweaver suggested that cancer resembles a prototypic
multicellular animal because cancer loses systematic regulation
and differentiation (26). In line with this report, Chen et al.
reported that the emergence rate of cancer drivers peaked on the
deepest branches of multicellular animals, thus, cancer drivers are
ancient genes (27). Limitations of this study are that it focused only
on tumor-related genes and that only the numbers of genes were
examined, while expression levels were not evaluated. Following the
study, Trigos et al. and Zhou et al. challenged this limitation. They
performed a comprehensive analysis and found that tumor cells
more highly expressed these ancient genes compared with normal
cells (28-31). Even though a relationship between tumorigenesis
and phylogenetics has thus been strongly suggested, another
important limitation still remains. These earlier studies compared
transcriptional data only among human cells, but not between
human cells and unicellular organisms. In other words, it has not
been evaluated whether tumor cells truly resemble unicellular
organisms in terms of transcriptional profiles, and such a cross-
species comparison is needed to make a more precise conclusion.
Another issue has also emerged; some unicellular organisms are
not simply unicellular but already have features of multicellularity
(32, 33). Whereas it has been suggested in several studies that
malignant tumor cells mimic those of early multicellular animals
(26, 27, 30), recent advances in the phylogenetics of unicellular and
multicellular organisms identified a novel phase for the initiation of
multicellularization. Some unicellular organisms display an
aggregative state, which should be the prototype of multicellularity
(32-42), and cells of some multicellular animals show plasticity like
unicellular organisms (43). Thus, it has become possible and
important to investigate what it is that malignant tumor cells
resemble: early multicellular animals, unicellular organisms, or both.

Comprehensive cross-species
comparison of transcriptome data

What makes it difficult to perform cross-species comparisons of
transcriptome data is that different species have different genomes.
In order to overcome this issue, homologous genes in different
species, homologs or orthologs, in other words, should be identified
among all genes and throughout all species. Only then can
transcriptome data of different species be comprehensively and
objectively compared as in a usual analysis of one species (44-46).
Recently, by using the OrthoFinder algorithm (47), we performed a
cross-species transcriptomic analysis by focusing on four species:
mouse, tunicate, sponge, and Capsaspora owczarzaki, a unicellular
organism (Supplementary Figures 1A, B). Based on such analysis,
we succeeded in tracing the evolutionary history of blood cells to the
unicellular ancestor of animals (48).

In that study, we have succeeded in comparing transcriptome
data from a viewpoint of both phylogenetics and intra-species
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lineages. In other words, inter-species lineage analysis was
performed by comparing data among i) phagocytic cells, ii) non-
phagocytic blood cells, and iii) non-blood cells. We found that
macrophages in mouse, tunicate, and sponge are transcriptionally
similar to each other and to C. owczarzaki (Supplementary
Figure 1C). This similarity indicated that macrophage-like
phagocytes were the initial blood cells of animals and that their
origin can be traced back to unicellular organisms: a common
ancestor of animals and C. owczarzaki.

When mechanisms of multicellularity are focused on, cell-cell
adhesion is a typical feature in multicellularity, and cadherin plays an
important role (49-51). Based on our analysis, C. owczarzaki does not
have cadherin homologs, but proto-cadherin homologs were
identified. This proto-cadherin homologous group also contains
FAT family genes, which are known to be tumor suppressors and
play roles in maintaining cell polarity (52, 53). Interestingly, within C.
owczarzaki, expression levels of proto-cadherin homolog are higher
in the aggregative stage than in the filopodial (amoeboid) stage
(Supplementary Figure 1D) (unpublished data obtained by re-
analyzing the dataset in our recent report) (48). These results
support the idea that the aggregative stage of C. owczarzaki
represents an intermediate state between unicellular and
multicellular organisms, and also support our hypothesis that
tumorigenesis has some aspects of loss of multicellularization; i.e.
evolutionary reversion.

10.3389/fonc.2023.1282417

Evolutionary reversion in
tumorigenesis

In the above-mentioned study, we also found that polycomb
complexes maintain various blood lineages (T cell, B cell,
erythrocyte, and platelet) by repressing phagocyte programs, and that
disruption of polycomb complexes led to evolutionary reversion of
hematopoiesis; blood in Ringla/b deleted mice was occupied with
monocyte/macrophage lineage cells. These findings suggest that
various nonphagocytic lineages have evolved from primordial
monocytes/macrophages by repressing phagocytic programs with
polycomb complexes. Furthermore, these Ringla/b-deleted
monocyte/macrophage lineage cells looked like immature monoblasts
with CD34 expression, and mice bearing these monoblasts died within
a few months, indicating that these were leukemic cells (Figures 2A-D).
This is in line with other studies in which disruption of certain
polycomb complexes caused AML (54-56).

Surprisingly, we found that Ringla/b KO AML cells were
transcriptionally more similar to a eukaryotic unicellular organism,
C. owczarzaki, than to normal myeloid cells (Figure 2E). We
evaluated transcriptional similarities by calculating Pearson’s
correlation values between mouse normal/leukemic cells and C.
owczarzaki. AML cells showed higher similarities (correlation
values) to all the three stages of C. owczarzaki. Thus, malignant
tumor cells transcriptionally resemble unicellular organisms; thus,
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FIGURE 2

Leukemia cells are transcriptionally similar to a unicellular organism. (A) Ringla/b were selectively deleted in blood cells using bone marrow chimera mice
and the ERT2-Cre system. (B) Survival curve with Kaplan-Meier plots of BM transplantation into sublethally irradiated Rag2 = mice with competitor cells.
Black and red lines show survival curve of control (Ringla—/-Ring1b®*) and Ringla/b-deleted (Ringla™Ring1b*“) mice on a Cdkn2a~’~ background,
respectively. Statistical significance of differences between the survival rates was calculated with the Log-rank test. (C, D) Wright-Giemsa stain of BM smears
(C) and flow cytometric profiles of whole GFP*CD11b* BM cells (D) obtained from control and Ringla/b-deleted mice with competitor cells. (E) Pearson's
correlation values between Capsaspora, normal myeloid cells (control) and AML cells.
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support for the hypothesis that tumorigenesis has an aspect of
evolutionary reversion has become more robust. Although another
possibility remains, that disruption of polycomb complexes
independently contributes to tumorigenesis as well as evolutionary
reversion in hematopoiesis, it is at least reasonable to think that
tumorigenesis and phylogenetics have a deep relationship. The fact
that histone modification by polycomb complexes is a ubiquitous
mechanism also makes this hypothesis more probable (57). Other
epigenetic mechanisms such as cohesion are also known to be
involved in tumorigenesis (58), thus tumorigenesis, phylogenetics,
and epigenetics may have a close relationship. The aspect of
phylogenetics is not yet well-accepted in cancer research, therefore,
integrating these three research areas is likely to bring about
new developments.

10.3389/fonc.2023.1282417

In addition to the previous study, we performed cross species
analysis adding solid tumor cells and another unicellular organism,
choanoflagellate (Salpingoeca rosetta), in order to validate our
hypothesis of evolutionary reversion in tumorigenesis. In this
analysis, AML cells, lung cancer cells, and colon cancer cells were
examined and all of them showed higher similarities to both C.
owczarzaki and S. rosetta (Figure 3). We also addressed the issue of
traditional cancer evolution from our evolutionary standpoint. In
lung cancer, similarities to unicellular organisms were also high in
premalignant cells, and it increased along with tumor progression to
cancer (Figure 3B). In colon cancer, similarities to unicellular
organism got higher along with progression from primary lesion to
metastatic lesion (Figure 3C). These data suggested a linear
relationship between tumor progression and evolutionary reversion.
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FIGURE 3

Evolutionary reversion in solid tumors and tumor progression. Differences of similarities (Pearson’s correlation values) between normal/tumor cells
and unicellular organisms were calculated in mouse Ringla/b deleted AML cells (A), lung cancer (B), and colon cancer (C). (B) In lung cancer,
similarities with unicellular organisms were compared between premalignant cells and cancer cells. (C) In colon cancer, similarities with unicellular
organisms were compared between primary lesions and metastatic lesions. (D) Further investigations are required to reveal origin of tumorigenesis in
detail and its biological meaning in ancestral unicellular organisms. Such findings can contribute to overcoming malignant tumors by improving risk

classification and developing new therapies.
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Further implications of evolutionary
aspects in tumorigenesis

It is now strongly suggested that tumorigenesis has an aspect of
evolutionary reversion, but many issues are remained to be clarified
(Figure 3D). The first issue is when origin of genetic program of
tumorigenesis was emerged in ancestral unicellular organisms,
because the evolutionary history from the initial organisms to
multicellular animals was so long (3 billion years) (33, 59, 60).
Although the origin of tumorigenesis may have emerged all at once
in an ancestral organism, it is more probable that it emerged step by
step during evolution from prokaryotes to unicellular relatives of
animals. Further investigations adding various unicellular
organism, such as bacteria, archaea, euglena/algae/plants, amoeba,
and yeast/fungi, will help us to trace the origin of tumorigenesis
more accurately. When the origin of tumorigenesis is traced back to
unicellular ancestors, another question emerges; what is a biological
meaning or a merit to acquire it in the ancestors? There are many
hypotheses worth considering, but oxygen concentration may be
essential. As for oxygen concentration, it is well known that tumor
microenvironment is hypoxic (24, 61, 62), and it is also suggested
that ancient unicellular organisms inhabited hypoxic environment
and adjusted to the novel environment with high oxygen (63, 64)
(Figure 1). Some ancient genetic program of tumorigenesis may
have emerged in such organisms and have brought merits to survive
in both of hypoxic and hyperoxic environments. Although such
event was beneficial for the ancestral unicellular organisms, risk of
tumorigenesis has been inherited to their progenies, and the risk
turned out as malignant tumors in animals including human beings.
While multicellular animals or their unicellular relatives inherited
such dangerous programs, they acquired other genes to control
tumorigenesis. These were origins of tumor-suppressor genes, and
cell-cell adhesion should have been one of them. Ancestors of
animals acquired a cadherin-like protein during evolution from
unicellular organisms to multicellular animals (37). This enabled
them to create stift cell-cell adhesion and to form epithelium and
multicellularity. Animals have acquired many other cadherin-like
proteins including FAT family proteins throughout their evolution,
and such proteins have strengthened epithelial cell identity of
adhesion. This has worked as safeguard for tumorigenesis
preventing premalignant cell from disengaging from epithelium.
In other words, losing multicellularization-related genes has been
one of the steps of tumorigenesis.

We further argued that evolutionary aspect can contribute to
improving clinical outcomes of patients suffering malignant tumors
(Figure 3D). In short term, similarities to unicellular organism can
make risk-classification more accurate. For example, patients baring
tumor cells highly similar to unicellular organism can show worse
outcomes, and more intensive therapeutic strategy may overcome the
poor prognosis. In long term, evolutionary aspects in tumorigenesis
including biological meaning of origin of tumorigenesis can give us a
hint to control them and to develop new therapeutic agents or
methods. Evaluating effects of agents against unicellular organisms,
especially unicellular relatives of animals (e.g., C. owczarzaki and S.
rosetta) will give us informative implications.
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In conclusion, cross-species comparisons of transcriptome data
provide new insights into tumorigenesis: evolutionary reversion.
Further investigations from the novel view point shall help human
beings to overcome malignant tumors in the future.

Author contributions

YN: Conceptualization, Data curation, Formal Analysis,
Funding acquisition, Investigation, Methodology, Resources,
Writing - original draft, Writing - review & editing. HK:
Conceptualization, Funding acquisition, Project administration,
Resources, Supervision, Writing — original draft, Writing - review
& editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by funds from Japan Society for the Promotion of
Science KAKENHI, Grant-in-Aid for Early-Career Scientists (JP
23K15324), Grant-in-Aid for Scientific Research (B) (JP15H04743),
and Grant-in-Aid for Scientific Research on Innovative Areas (JP
19H05747). The Cooperative Research Program (Joint Usage/
Research Center program) of Institute for Life and Medical
Sciences, Kyoto University and LiMe Office of Director’s Research
Grants 2022 (No. 6) and 2023 (No. 7) also supported this work.

Acknowledgments

We thank Peter Burrows (University of Alabama at
Birmingham) for critical reading of the manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2023.1282417/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2023.1282417/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2023.1282417/full#supplementary-material
https://doi.org/10.3389/fonc.2023.1282417
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Nagahata and Kawamoto

References

1. Hartwell LH, Kastan MB. Cell cycle control and cancer. Science (1994) 266:1821-
8. doi: 10.1126/science.7997877

2. Compagni A, Christofori G. Recent advances in research on multistage
tumorigenesis. Br ] Cancer (2000) 83:1-5. doi: 10.1054/bjoc.2000.1309

3. Halaoui R, McCaffrey L. Rewiring cell polarity signaling in cancer. Oncogene
(2015) 34:939-50. doi: 10.1038/0onc.2014.59

4. Martin-Belmonte F, Perez-Moreno M. Epithelial cell polarity, stem cells and
cancer. Nat Rev Cancer (2011) 12:23-38. doi: 10.1038/nrc3169

5. Bogenrieder T, Herlyn M. Axis of evil: molecular mechanisms of cancer
metastasis. Oncogene (2003) 22:6524-36. doi: 10.1038/sj.onc.1206757

6. Christofori G. New signals from the invasive front. Nature (2006) 441:444-50.
doi: 10.1038/nature04872

7. Meacham CE, Morrison SJ. Tumour heterogeneity and cancer cell plasticity.
Nature (2013) 501:328-37. doi: 10.1038/nature12624

8. Blanpain C, Fuchs E. Stem cell plasticity. Plasticity of epithelial stem cells in tissue
regeneration. Science (2014) 344:1242281. doi: 10.1126/science.1242281

9. Levit GS, Hossfeld U, Naumann B, Lukas P, Olsson L. The biogenetic law and the
Gastraea theory: From Ernst Haeckel's discoveries to contemporary views. ] Exp Zool B
Mol Dev Evol (2022) 338:13-27. doi: 10.1002/jez.b.23039

10. Uesaka M, Kuratani S, Irie N. The developmental hourglass model and
recapitulation: An attempt to integrate the two models. ] Exp Zool B Mol Dev Evol
(2022) 338:76-86. doi: 10.1002/jez.b.23027

11. Haddad RI, Nasr C, Bischoff L, Busaidy NL, Byrd D, Callender G, et al. NCCN
guidelines insights: thyroid carcinoma, version 2.2018. ] Natl Compr Canc Netw (2018)
16:1429-40. doi: 10.6004/jnccn.2018.0089

12. Mertelsmann R, Tzvi Thaler H, To L, Gee TS, McKenzie S, Schauer P, et al.
Morphological classification, response to therapy, and survival in 263 adult patients
with acute nonlymphoblastic leukemia. Blood (1980) 56:773-81. doi: 10.1182/
blood.V56.5.773.773

13. Cuneo A, Ferrant A, Michaux JL, Boogaerts M, Demuynck H, Van Orshoven A,
et al. Cytogenetic profile of minimally differentiated (FAB M0) acute myeloid leukemia:
correlation with clinicobiologic findings [see comments]. Blood (1995) 85:3688-94.
doi: 10.1182/blood.V85.12.3688.bloodjournal85123688

14. Walter RB, Othus M, Burnett AK, Lowenberg B, Kantarjian HM, Ossenkoppele
GJ, et al. Significance of FAB subclassification of "acute myeloid leukemia, NOS" in the
2008 WHO classification: analysis of 5848 newly diagnosed patients. Blood (2013)
121:2424-31. doi: 10.1182/blood-2012-10-462440

15. Aaltonen LA, Abascal F, Abeshouse A, Aburatani H, Adams DJ, Agranal N, et al
Consortium ITP-CAoWG. Pan-cancer analysis of whole genomes. Nature (2020)
578:82-93. doi: 10.1038/541586-020-1969-6

16. Zeng AGX, Bansal S, Jin L, Mitchell A, Chen WC, Abbas HA, et al. A cellular
hierarchy framework for understanding heterogeneity and predicting drug response in
acute myeloid leukemia. Nat Med (2022) 28:1212-23. doi: 10.1038/s41591-022-01819-x

17. Ng SW, Mitchell A, Kennedy JA, Chen WC, McLeod J, Ibrahimova N, et al. A
17-gene stemness score for rapid determination of risk in acute leukaemia. Nature
(2016) 540:433-7. doi: 10.1038/nature20598

18. Huang BJ, Smith JL, Farrar JE, Wang YC, Umeda M, Ries RE, et al. Integrated
stem cell signature and cytomolecular risk determination in pediatric acute myeloid
leukemia. Nat Commun (2022) 13:5487. doi: 10.1038/s41467-022-33244-6

19. Lawson DA, Bhakta NR, Kessenbrock K, Prummel KD, Yu Y, Takai K, et al.
Single-cell analysis reveals a stem-cell program in human metastatic breast cancer cells.
Nature (2015) 526:131-5. doi: 10.1038/nature15260

20. Dravis C, Chung CY, Lytle NK, Herrera-Valdez ], Luna G, Trejo CL, et al.
Epigenetic and transcriptomic profiling of mammary gland development and tumor
models disclose regulators of cell state plasticity. Cancer Cell (2018) 34:466-82.e6.
doi: 10.1016/j.ccell.2018.08.001

21. Liotta LA, Kohn E. Cancer invasion and metastases. JAMA (1990) 263:1123-6.
doi: 10.1001/jama.1990.03440080101032

22. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell (2000) 100:57-70.
doi: 10.1016/50092-8674(00)81683-9

23. Fish EM, Molitoris BA. Alterations in epithelial polarity and the pathogenesis of
disease states. N Engl ] Med (1994) 330:1580-8. doi: 10.1056/NEJM199406023302207

24. Weinberg RA. The biology of cancer. New York: Garland Science (2014).

25. Nedelcu AM. The evolution of multicellularity and cancer: views and paradigms.
Biochem Soc Trans (2020) 48:1505-18. doi: 10.1042/BST20190992

26. Davies PC, Lineweaver CH. Cancer tumors as Metazoa 1.0: tapping genes of
ancient ancestors. Phys Biol (2011) 8:15001. doi: 10.1088/1478-3975/8/1/015001

27. Chen H, Lin F, Xing K, He X. The reverse evolution from multicellularity to
unicellularity during carcinogenesis. Nat Commun (2015) 6:6367. doi: 10.1038/ncomms7367

28. Trigos AS, Pearson RB, Papenfuss AT, Goode DL. Altered interactions between
unicellular and multicellular genes drive hallmarks of transformation in a diverse range

Frontiers in Oncology

10.3389/fonc.2023.1282417

of solid tumors. Proc Natl Acad Sci USA. (2017) 114:6406-11. doi: 10.1073/
pnas.1617743114

29. Trigos AS, Pearson RB, Papenfuss AT, Goode DL. How the evolution of
multicellularity set the stage for cancer. Br ] Cancer (2018) 118:145-52. doi: 10.1038/
bjc.2017.398

30. Trigos AS, Pearson RB, Papenfuss AT, Goode DL. Somatic mutations in early
metazoan genes disrupt regulatory links between unicellular and multicellular genes in
cancer. Elife (2019) 8:40947. doi: 10.7554/eLife.40947

31. Zhou JX, Cisneros L, Knijnenburg T, Trachana K, Davies P, Huang S.
Phylostratigraphic analysis of tumor and developmental transcriptomes reveals
relationship between oncogenesis, phylogenesis and ontogenesis. Convergent Sci Phys
Oncol (2018) 4:025002. doi: 10.1088/2057-1739/aab1b0

32. Sebe-Pedros A, Degnan BM, Ruiz-Trillo I. The origin of Metazoa: a unicellular
perspective. Nat Rev Genet (2017) 18:498-512. doi: 10.1038/nrg.2017.21

33. Ros-Rocher N, Perez-Posada A, Leger MM, Ruiz-Trillo I. The origin of animals:
an ancestral reconstruction of the unicellular-to-multicellular transition. Open Biol
(2021) 11:200359. doi: 10.1098/rs0b.200359

34. Shalchian-Tabrizi K, Minge MA, Espelund M, Orr R, Ruden T, Jakobsen KS,
et al. Multigene phylogeny of choanozoa and the origin of animals. PloS One (2008) 3:
€2098. doi: 10.1371/journal.pone.0002098

35. Sebe-Pedros A, de Mendoza A, Lang BF, Degnan BM, Ruiz-Trillo I. Unexpected
repertoire of metazoan transcription factors in the unicellular holozoan Capsaspora
owczarzaki. Mol Biol Evol (2011) 28:1241-54. doi: 10.1093/molbev/msq309

36. Torruella G, Derelle R, Paps J, Lang BF, Roger AJ, Shalchian-Tabrizi K, et al.
Phylogenetic relationships within the Opisthokonta based on phylogenomic analyses of
conserved single-copy protein domains. Mol Biol Evol (2012) 29:531-44. doi: 10.1093/
molbev/msr185

37. Suga H, Chen Z, de Mendoza A, Sebe-Pedros A, Brown MW, Kramer E, et al.
The Capsaspora genome reveals a complex unicellular prehistory of animals. Nat
Commun (2013) 4:2325. doi: 10.1038/ncomms3325

38. Sebe-Pedros A, Irimia M, Del Campo J, Parra-Acero H, Russ C, Nusbaum C,
et al. Regulated aggregative multicellularity in a close unicellular relative of metazoa.
Elife (2013) 2:e01287. doi: 10.7554/eLife.01287

39. Sebe-Pedros A, Ballare C, Parra-Acero H, Chiva C, Tena JJ, Sabido E, et al. The
dynamic regulatory genome of capsaspora and the origin of animal multicellularity.
Cell (2016) 165:1224-37. doi: 10.1016/j.cell.2016.03.034

40. Fairclough SR, Chen Z, Kramer E, Zeng Q, Young S, Robertson HM, et al.
Premetazoan genome evolution and the regulation of cell differentiation in the
choanoflagellate Salpingoeca rosetta. Genome Biol (2013) 14:R15. doi: 10.1186/gb-
2013-14-2-r15

41. de Mendoza A, Suga H, Permanyer J, Irimia M, Ruiz-Trillo I. Complex
transcriptional regulation and independent evolution of fungal-like traits in a relative
of animals. Elife (2015) 4:e08904. doi: 10.7554/eLife.08904

42. Torruella G, de Mendoza A, Grau-Bove X, Anto M, Chaplin MA, del Campo J,
et al. Phylogenomics reveals convergent evolution of lifestyles in close relatives of
animals and fungi. Curr Biol (2015) 25:2404-10. doi: 10.1016/j.cub.2015.07.053

43. Sogabe S, Hatleberg WL, Kocot KM, Say TE, Stoupin D, Roper KE, et al.
Pluripotency and the origin of animal multicellularity. Nature (2019) 570:519-22.
doi: 10.1038/s41586-019-1290-4

44. Shafer MER. Cross-species analysis of single-cell transcriptomic data. Front Cell
Dev Biol (2019) 7:175. doi: 10.3389/fcell.2019.00175

45. LeongJCK, Li Y, Uesaka M, Uchida Y, Omori A, Hao M, et al. Derivedness index
for estimating degree of phenotypic evolution of embryos: A study of comparative
transcriptomic analyses of chordates and echinoderms. Front Cell Dev Biol (2021)
9:749963. doi: 10.3389/fcell.2021.749963

46. Leong JCK, Uesaka M, Irie N. Distinguishing evolutionary conservation from
derivedness. Life (Basel) (2022) 12:440. doi: 10.3390/life12030440

47. Emms DM, Kelly S. OrthoFinder: phylogenetic orthology inference for
comparative genomics. Genome Biol (2019) 20:238. doi: 10.1186/s13059-019-1832-y

48. Nagahata Y, Masuda K, Nishimura Y, Ikawa T, Kawaoka S, Kitawaki T, et al.
Tracing the evolutionary history of blood cells to the unicellular ancestor of animals.
Blood (2022) 140:2611-25. doi: 10.1182/blood.2022016286

49. Yoshida C, Takeichi M. Teratocarcinoma cell adhesion: identification of a cell-
surface protein involved in calcium-dependent cell aggregation. Cell (1982) 28:217-24.
doi: 10.1016/0092-8674(82)90339-7

50. Yoshida-Noro C, Suzuki N, Takeichi M. Molecular nature of the calcium-
dependent cell-cell adhesion system in mouse teratocarcinoma and embryonic cells

studied with a monoclonal antibody. Dev Biol (1984) 101:19-27. doi: 10.1016/0012-
1606(84)90112-x

51. Nagafuchi A, Shirayoshi Y, Okazaki K, Yasuda K, Takeichi M. Transformation of
cell adhesion properties by exogenously introduced E-cadherin cDNA. Nature (1987)
329:341-3. doi: 10.1038/329341a0

frontiersin.org


https://doi.org/10.1126/science.7997877
https://doi.org/10.1054/bjoc.2000.1309
https://doi.org/10.1038/onc.2014.59
https://doi.org/10.1038/nrc3169
https://doi.org/10.1038/sj.onc.1206757
https://doi.org/10.1038/nature04872
https://doi.org/10.1038/nature12624
https://doi.org/10.1126/science.1242281
https://doi.org/10.1002/jez.b.23039
https://doi.org/10.1002/jez.b.23027
https://doi.org/10.6004/jnccn.2018.0089
https://doi.org/10.1182/blood.V56.5.773.773
https://doi.org/10.1182/blood.V56.5.773.773
https://doi.org/10.1182/blood.V85.12.3688.bloodjournal85123688
https://doi.org/10.1182/blood-2012-10-462440
https://doi.org/10.1038/s41586-020-1969-6
https://doi.org/10.1038/s41591-022-01819-x
https://doi.org/10.1038/nature20598
https://doi.org/10.1038/s41467-022-33244-6
https://doi.org/10.1038/nature15260
https://doi.org/10.1016/j.ccell.2018.08.001
https://doi.org/10.1001/jama.1990.03440080101032
https://doi.org/10.1016/s0092-8674(00)81683-9
https://doi.org/10.1056/NEJM199406023302207
https://doi.org/10.1042/BST20190992
https://doi.org/10.1088/1478-3975/8/1/015001
https://doi.org/10.1038/ncomms7367
https://doi.org/10.1073/pnas.1617743114
https://doi.org/10.1073/pnas.1617743114
https://doi.org/10.1038/bjc.2017.398
https://doi.org/10.1038/bjc.2017.398
https://doi.org/10.7554/eLife.40947
https://doi.org/10.1088/2057-1739/aab1b0
https://doi.org/10.1038/nrg.2017.21
https://doi.org/10.1098/rsob.200359
https://doi.org/10.1371/journal.pone.0002098
https://doi.org/10.1093/molbev/msq309
https://doi.org/10.1093/molbev/msr185
https://doi.org/10.1093/molbev/msr185
https://doi.org/10.1038/ncomms3325
https://doi.org/10.7554/eLife.01287
https://doi.org/10.1016/j.cell.2016.03.034
https://doi.org/10.1186/gb-2013-14-2-r15
https://doi.org/10.1186/gb-2013-14-2-r15
https://doi.org/10.7554/eLife.08904
https://doi.org/10.1016/j.cub.2015.07.053
https://doi.org/10.1038/s41586-019-1290-4
https://doi.org/10.3389/fcell.2019.00175
https://doi.org/10.3389/fcell.2021.749963
https://doi.org/10.3390/life12030440
https://doi.org/10.1186/s13059-019-1832-y
https://doi.org/10.1182/blood.2022016286
https://doi.org/10.1016/0092-8674(82)90339-7
https://doi.org/10.1016/0012-1606(84)90112-x
https://doi.org/10.1016/0012-1606(84)90112-x
https://doi.org/10.1038/329341a0
https://doi.org/10.3389/fonc.2023.1282417
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Nagahata and Kawamoto

52. Mahoney PA, Weber U, Onofrechuk P, Biessmann H, Bryant PJ, Goodman CS.
The fat tumor suppressor gene in Drosophila encodes a novel member of the cadherin
gene superfamily. Cell (1991) 67:853-68. doi: 10.1016/0092-8674(91)90359-7

53. Moeller MJ, Soofi A, Braun GS, Li X, Watzl C, Kriz W, et al. Protocadherin FAT1
binds Ena/VASP proteins and is necessary for actin dynamics and cell polarization.
EMBO ] (2004) 23:3769-79. doi: 10.1038/sj.emboj.7600380

54. Ley TJ, Miller C, Ding L, Raphael B], Mungall AJ, Robertson AG, et al. Genomic
and epigenomic landscapes of adult de novo acute myeloid leukemia. N Engl ] Med
(2013) 368:2059-74. doi: 10.1056/NEJMoal301689

55. Tyner JW, Tognon CE, Bottomly D, Wilmot B, Kurtz SE, Savage SL, et al.
Functional genomic landscape of acute myeloid leukaemia. Nature (2018) 562:526-31.
doi: 10.1038/s41586-018-0623-z

56. Nagase R, Inoue D, Pastore A, Fujino T, Hou HA, Yamasaki N, et al. Expression
of mutant Asxll perturbs hematopoiesis and promotes susceptibility to leukemic
transformation. J Exp Med (2018) 215:1729-47. doi: 10.1084/jem.20171151

57. Piunti A, Shilatifard A. Epigenetic balance of gene expression by Polycomb and
COMPASS families. Science (2016) 352:aad9780. doi: 10.1126/science.aad9780

58. Ochi Y, Kon A, Sakata T, Nakagawa MM, Nakazawa N, Kakuta M, et al.
Combined cohesin-RUNXI deficiency synergistically perturbs chromatin looping and

Frontiers in Oncology

73

10.3389/fonc.2023.1282417

causes myelodysplastic syndromes. Cancer Discovery (2020) 10:836-53. doi: 10.1158/
2159-8290.CD-19-0982

59. Betts HC, Puttick MN, Clark JW, Williams TA, Donoghue PCJ, Pisani D.
Integrated genomic and fossil evidence illuminates life's early evolution and eukaryote
origin. Nat Ecol Evol (2018) 2:1556-62. doi: 10.1038/s41559-018-0644-x

60. Loron CC, Francois C, Rainbird RH, Turner EC, Borensztajn S, Javaux EJ. Early
fungi from the Proterozoic era in Arctic Canada. Nature (2019) 570:232-5.
doi: 10.1038/s41586-019-1217-0

61. Semenza GL. Targeting HIF-1 for cancer therapy. Nat Rev Cancer (2003) 3:721—
32. doi: 10.1038/nrc1187

62. Terry S, Buart S, Chouaib S. Hypoxic stress-induced tumor and immune
plasticity, suppression, and impact on tumor heterogeneity. Front Immunol (2017)
8:1625. doi: 10.3389/fimmu.2017.01625

63. Hammarlund EU. Harnessing hypoxia as an evolutionary driver of complex
multicellularity. Interface Focus (2020) 10:20190101. doi: 10.1098/rsfs.2019.0101

64. Chen SC, Sun GX, Yan Y, Konstantinidis KT, Zhang SY, Deng Y, et al. The Great
Oxidation Event expanded the genetic repertoire of arsenic metabolism and cycling.
Proc Natl Acad Sci USA (2020) 117:10414-21. doi: 10.1073/pnas.2001063117

frontiersin.org


https://doi.org/10.1016/0092-8674(91)90359-7
https://doi.org/10.1038/sj.emboj.7600380
https://doi.org/10.1056/NEJMoa1301689
https://doi.org/10.1038/s41586-018-0623-z
https://doi.org/10.1084/jem.20171151
https://doi.org/10.1126/science.aad9780
https://doi.org/10.1158/2159-8290.CD-19-0982
https://doi.org/10.1158/2159-8290.CD-19-0982
https://doi.org/10.1038/s41559-018-0644-x
https://doi.org/10.1038/s41586-019-1217-0
https://doi.org/10.1038/nrc1187
https://doi.org/10.3389/fimmu.2017.01625
https://doi.org/10.1098/rsfs.2019.0101
https://doi.org/10.1073/pnas.2001063117
https://doi.org/10.3389/fonc.2023.1282417
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

? frontiers ‘ Frontiers in Oncology

@ Check for updates

OPEN ACCESS

EDITED BY
Mamoru Kato,
National Cancer Centre, Japan

REVIEWED BY
Barani Kumar Rajendran,

Yale University, United States

Maik Kschischo,

Koblenz University of Applied Sciences,
Germany

*CORRESPONDENCE
Caroline M. Weisman
cweisman@princeton.edu

RECEIVED 04 August 2023
AccepTED 20 October 2023
PUBLISHED 09 November 2023

CITATION

Weisman CM (2023) The permissive
binding theory of cancer.

Front. Oncol. 13:1272981.

doi: 10.3389/fonc.2023.1272981

COPYRIGHT

© 2023 Weisman. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or

reproduction in other forums is permitted,

provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Oncology

TYPE Hypothesis and Theory
PUBLISHED 09 November 2023
po110.3389/fonc.2023.1272981

The permissive binding
theory of cancer

Caroline M. Weisman*

Lewis-Sigler Institute for Integrative Genomics, Princeton University, Princeton, NJ, United States

The later stages of cancer, including the invasion and colonization of new tissues, are
actively mysterious compared to earlier stages like primary tumor formation. While we
lack many details about both, we do have an apparently successful explanatory
framework for the earlier stages: one in which genetic mutations hold ultimate causal
and explanatory power. By contrast, on both empirical and conceptual grounds, it is not
currently clear that mutations alone can explain the later stages of cancer. Can a different
type of molecular change do better? Here, | introduce the “permissive binding theory” of
cancer, which proposes that novel protein binding interactions are the key causal and
explanatory entity in invasion and metastasis. It posits that binding is more abundant at
baseline than we observe because it is restricted in normal physiology; that any large
perturbation to physiological state revives this baseline abundance, unleashing many
new binding interactions; and that a subset of these cause the cellular functions at the
heart of oncogenesis, especially invasion and metastasis. Significant physiological
perturbations occur in cancer cells in very early stages, and generally become more
extreme with progression, providing interactions that continually fuel invasion and
metastasis. The theory is compatible with, but not limited to, causal roles for the
diverse molecular changes observed in cancer (e.g. gene expression or epigenetic
changes), as these generally act causally upstream of proteins, and so may exert their
effects by changing the protein binding interactions that occur in the cell. This admits the
possibility that molecular changes that appear quite different may actually converge in
creating the same few protein complexes, simplifying our picture of invasion and
metastasis. If correct, the theory offers a concrete therapeutic strategy: targeting the
key novel complexes. The theory is straightforwardly testable by large-scale
identification of protein interactions in different cancers.

KEYWORDS

cancer evolution, invasion and metastasis, protein interactions, cancer epigenetic
evolution, theory of cancer, evolutionary mechanism

1 Introduction

1.1 The puzzle of invasion and metastasis

The evolution of cancer can be conceptually divided into early and late stages. In the
early stage, cells proliferate excessively in situ, forming a primary tumor mass. There is now
general agreement on what causes this process: genetic mutations. Reproducible “driver
mutations” accumulate sequentially, pushing cancer development forward with each hit.
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These drivers affect genes in a finite number of pathways whose
identities - for example, cell proliferation and apoptosis — are well-
suited to explain the phenotypes, like excessive growth, observed in
these stages of cancer (1, 2): they require only increases or decreases
in their normal functions, which were usually already in operation
to some degree in the ancestral cell. This picture constitutes a
general explanatory framework for cancer evolution, which I will
refer to as the “mutation-centric” framework. It was formally
introduced in 1988 in a key paper by Kurt Vogelstein (2) (there
referred to as the “genetic model”), whose central figure which I
have mildly simplified as Figure 1 below.

The mutation-centric framework is not complete, but is
compelling and robust: it is consistent with much of the existing
data, and is readily able to explain its major features. When one uses
it to consider questions raised by early cancer evolution, one feels
that one is approaching the problem in more or less the right way.

In later stages of cancer evolution, cells evolve to invade
surrounding tissue, migrate, and colonize new sites in the body,
where they form metastases. During this “invasion-metastasis
cascade,” cells evolve a successive series of abilities that they
previously entirely lacked. They break free of epithelia; push past
neighboring cells; move into and out of vasculature; survive
transport in circulation; and, finally, reach new tissues, only then
beginning to adapt to the many new demands of its radically foreign
ecology. Colonization is particularly baffling (3), as it seems to
require many distinct adaptations, one for each feature of the new
environment to which it is not initially suited, that do not seem to
have anything to do with one another, or with the adaptations
gained in earlier stages (4). Perhaps most remarkable is that cancer
passes through each of these life stages in turn, acquiring radical
new abilities and forms only briefly before moving on to the new set
required by its next phase. How invasion and metastasis happen is a
profound question for evolutionary biology.

One is naturally inclined to consider the invasion-metastasis
cascade through the mutation-centric framework in trying to
understand it. But, even since the introduction of the framework
in 1988, as indicated by the striking comparative vagueness of the
final arrow in Figure 1 (identical to the original), this has proved
largely unsuccessful. Searches for recurrent driver mutations, akin
to those found in the early stages, have failed (1, 3, 5-7). Worse,
metastases do not even seem to require new mutations relative to
their primary tumor counterparts (8, 9), directly contradicting the
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main tenet of the framework. Beyond the framework’s empirical
failures, invasion and metastasis present it with conceptual
problems. It is not clear how it can accommodate, let alone
explain, some basic phenomenology: cancer stem cells, and their
relationship to invasion and metastasis (3, 10, 11); polyploid (12)
and polyaneuploid (13) giant cancer cells; dramatic genome
perturbations like aneuploidy (14) and chromothrypsis (15); and
cancer reversion following movement to a normal environment
(16-18) or transient reversion of driver mutations (19) It also
seems, a priori, a poor match for the evolutionary problem. Many
seemingly distinct adaptations are required; if each requires even a
few mutations, the total number seems too large to be possible. In
brief, the mutation-centric framework, though not strictly
disproven, just does not feel like a good fit.

What one considers to be the most explanatorily useful entity in
considering a problem is among the most important choices in a
scientific enterprise. The correct choice allows discovery of
fundamental principles; the wrong one all but precludes it. Is
there a type of molecular change that could do better than
mutations in explaining observations to date, in guiding future
investigation, and in presenting unifying principles through which
what is now a pile of disjointed facts may appear a coherent whole?
In light of the limitations of the mutation picture, it would be
foolish not to search for such alternatives. Indeed, many have
already offered proposals (20). Here, I do the same.

1.2 A “binding-centric” framework: the
permissive binding theory of oncogenesis

Here, I propose a general molecular mechanism underlying
cancer evolution. It was conceived of to address specifically the
conceptual gap posed by the later stages of invasion and metastasis,
but it may also apply just as well to components of the early ones. In
brief, the theory holds that protein binding is substantially
permissive, rather than mainly instructive, as we often think.
Natural selection has acted (either “intentionally” or as a side
effect of other actions) to limit binding interactions, pruning
many that exist in a baseline state in which they are abundant.
Perturbations to cells may generate configurations of proteins that
have not been effectively subject to this pruning. These are in the
baseline, “permissive state,” such that many novel protein binding
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A simplified version of the schematization of the mutation-centric theory, introduced in (2), which proposes that the successive accumulation of
genetic mutations causes the changes of early oncogenesis. The figure depicts the particular mutations that, under this theory, prompt progression

from one stage of cancer to the next in colorectal cancer.
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interactions are unleashed. Significant physiological perturbations
are ubiquitous in cancer, and especially in its later stages, where they
unleash many new binding interactions in this way. A subset of
these interactions happen to cause functions that the nascent cancer
finds useful; these drive oncogenesis.

Binding interactions are central in the theory, taking the place
of mutations as the key entity with both causal and explanatory
power. These include interactions between pairs of proteins, but
also between proteins and DNA (as transcription factors). They are
the direct causal effectors of oncogenesis, as protein interactions are
for most biological functions. They are not the ultimate cause of
oncogenesis: they are determined by a large number of more
fundamental physiological factors, like the cell’s physical
environment, chromatin state, genome, gene expression state, and
so on. With perfect knowledge, we would be able to explain all
protein interactions in the cell as a function of these underlying
factors. But because the relationship between these levels is
enormously complex, this ability is unlikely to exist for many
years. In its stead, we can gain explanatory power by directly
considering the protein interactions themselves.

Below, I will first explain the theory and its rationale, arguing
based on three postulates that it is mechanistically principled.
Second, I will illustrate how I imagine the theory plays out in the
context of cancer to drive its evolution, with attempts to highlight
how it is matches the common trajectory of the disease and how it
can accommodate diverse observations that have so far lacked
explanation. Third, I will discuss the modest amount of direct
empirical data that bears on the theory. Fourth, hoping to have
inspired interest in testing the theory, I will offer some thoughts on
how to do so.

2 The mechanistic basis of the
permissive binding theory

2.1 Oncogenesis by activation

The first mechanistic postulate of the theory is that cancer is
driven largely by activating functions latent in the cell.

Compared to entire organisms, cancer has an advantage in the
struggle to adapt. Many of the challenges that it faces require the
gain of functions — migrate, make vessels, secrete cytokines — and
adaptation to ecologies - liver, bone, lymph - for which there are
ready-made blueprints in its genome. Other cells in the organism, in
other contexts, use these as part of their normal function. Evolution
is loathe to invent from whole cloth when it can tinker around the
edges (21); cancer uses the ample material of the genome, in which
is contained every function performed by any cell at any time
during the life of the organism.

Consider two functions already widely appreciated as key in the
invasion-metastasis cascade. The first is the epithelial-mesenchymal
transition (EMT). This is a programmed phenotypic shift in which
epithelial cells gain the mesenchymal traits necessary for them to
leave the epithelial sheet and become migratory. It comprises
multiple processes, including dissolving cell-cell junctions,
removing apico-basal polarity, and reorganizing the cytoskeleton.
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It is essential for embryogenesis, as during the concerted movement
of epiblast cells into the embryonic interior during gastrulation and
the long migration of the epithelial neural crest to sites around the
vertebrate body. It can also be reactivated in select contexts in the
adult, as in the migration of cells from the edge to the center of a
healing wound. The singular term “EMT” is used across these cases
despite their contextual diversity because the genetic program at
their core is highly similar. This makes sense: the mechanics
required are highly similar, and so evolution has not reinvented
the wheel. A carcinoma cell, too, seeking to invade surrounding
tissue or metastasize elsewhere, shares the initial state and required
mechanics. The EMT would serve its purpose nicely, and,
preformed in its genome, is low-hanging fruit. So, indeed, this
same EMT is widely recognized to be at the core of carcinoma
invasion and metastasis (10, 22).

A similar story is true for angiogenesis. Tumors are heavily
reliant on oxygen. But carrying oxygen deep within tissue is not
achievable from scratch: the only solution is to activate an existing
program, latent in the genome, built for the purpose. In what has
been termed the “angiogenic switch (23),” tumors do just this. Some
leverage the language of their common genome to manipulate their
neighbors, inducing existing vessels to expand by activating familiar
angiogenic factors like VEGF (23). Others are more self-reliant,
morphing themselves into vasculature with latent differentiation
programs that guide them down the endothelial lineage (24). There
is more than one road to Rome, but all are well-trodden in
normal development.

I use these two examples because they are common and
comparatively well-understood. But the principle applies
generally. We do not yet know the detailed mechanisms for the
many processes driving the diverse adaptations of cancer, but the
intuitive stance, supported by these case studies, is that evolution is
surely not re-inventing these functions when intact programs
encoding them are quite literally at its fingertips.

This postulate is the least controversial, so I will not belabor it.
The point for what follows is that the task facing the cancer cell is
largely the activation of existing cellular pathways. The programs
already exist, and cancer just needs to flip the switches.

2.2 Activation by binding

The second postulate is that functions latent in the cell can be
activated through protein binding.

Proteins have two broad modes of function. The first I call
“independent functions.” A protein acts independently when it is
the direct physical executor of a change. Upstream steps involving
other proteins may have been necessary to lead here, but now the
protein acts under its own steam, without dependencies. These are
the key effectors, typified by enzymes, like kinases that act directly to
phosphorylate their targets or polymerases that act directly to
synthesize nucleic acids. The second mode I call “dependent
functions.” Here, a protein causes a change entirely by altering
the independent activity of another protein. It may activate, repress,
or qualitatively modulate this activity, changing its time, place, rate,
degree, or targets. (For simplicity I will discuss individual proteins,
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but a rigorous application of this language refers to the minimum
functional unit, of whatever size, as being independent. This
accommodates the case of proteins that have no activity until
they are assembled into a complex, in which all members are
necessary for function: here, the complex as a whole is the unit
that is independent).

An independent function can work in the absence of dependent
modulation. A dependent function cannot. Its effect on the cell is
expressed entirely through the independent function. Alone, it is
impotent, like a transcription factor without a polymerase: utterly
unable to make RNA.

The key difference for what follows is the relative difficulty of
these modes. By difficulty, I mean something like the necessary level
of molecular specificity. Independent functions are, in general,
harder. They effect reactions that do not readily occur
spontaneously. This necessitates molecular configurations that are
a small fraction of the total number possible: they are “highly
specific organic catalysts” (25). Such specificity entails substantial
work to find this small fraction from natural selection.

Dependent functions, by contrast, can be very easy. At their
easiest, they just require some amount of binding - sticking - to an
independent protein. Sticking to an active or an allosteric site can
stop a kinase from phosphorylating. Sticking near and occluding a
target lysine can prevent ubiquitination and degradation. Sticking
to two linker regions can bring two proteins together, making one
the substrate of the other. Compared to independent functions,
dependent functions have many more configurations available to
them: they need not be nearly as precise.

Dependent functions are a rule, not an exception. They are
everywhere, including core cellular pathways. In the cell cycle,
securin acts dependently as a crucial checkpoint: it binds the
active site of separase, preventing it from cleaving cohesin and
driving the cell cycle until phosphorylated by Cdkl. In wnt
signaling, disheveled acts dependently to activate beta-catenin,
binding and sequestering the “destruction complex” that
phosphorylates it and leaving it free to drive transcription. All
transcription factors act dependently to increase the affinity of
polymerases for their target genes. (I note here that the
permissive binding theory is not limited to protein-protein
interactions, but includes, for example, protein-DNA interactions,
as for transcription factors).

The work of dependent functions is modest at the molecular
level, but can have profound effects on the cell. They can, of course,
inhibit activities: sticking to a gene’s promoter prevents its
transcription. They can also activate: sticking to the active site of
a kinase that marks a transcription factor for degradation activates
that transcription factor, driving whatever cellular programs are its
target. And they can invent: the binding of an activator which
responds to a cue to a novel transcription factor couples
transcription of its target genes and the cue, driving a new
cellular response.

The point for what follows is that our intuition of what sorts of
molecular interactions are required for useful cellular function often
sets the bar too high. It is based on independent functions, which
are the harder class, and are not representative of much work in the
cell. Dependent functions mean that it is easier than we think for
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proteins to have useful effects. To activate, reduce, or change
existing function, all that is needed is binding.

2.3 Binding by perturbation

The third postulate is that any sufficiently large perturbation to
the cell can produce many new binding interactions.

We imagine protein binding as primarily “instructive.” The
default state for proteins is that they do not bind to each other. They
come to do so only if specifically “instructed” to by the work of
natural selection.

I propose that protein binding is actually substantially (of
course, not entirely) permissive. Binding is fairly common among
proteins for which this has not been selected.

Two intuitions underlie the instructive view. The first is that it
seems unlikely that binding would occur without having been selected
for. The space of amino acid sequences is large; sampling randomly
within it, approximating the absence of selection, seems very unlikely
to result in sequences between which binding is favorable.

There are two errors in this intuition. The first is that proteins
are not random, and especially not with respect to each other. They
are composed substantially of domains: function-conferring
subsequences widely shared across proteins. Domains drive much
of protein binding (26), implying that proteins sharing domains are
predisposed to share binding partners. We should expect some such
binding at baseline.

The second error is more direct: even random sequences do
bind cellular proteins. This seems surprising even to me, but I have
been convinced by several recent studies showing that proteins
made from random amino acid sequences can bind to cellular
proteins and thereby produce essential cellular functions (27-29).
The implication here is that protein binding is reasonably common
at baseline, even without shared domains.

A second, stronger intuition driving the instructive view is that,
because we observe fairly specific patterns of binding, the
permissive view has been falsified on empirical grounds. This is
incorrect because what we observe is not the baseline state: much
binding that existed at baseline is not manifest in cells. Rather than
binding being actively crafted from a default state in which it is
absent, the absence of binding is actively created from a default state
in which it is common. This is akin to synapse formation in the
brain: initially abundant connections are pruned, preserving a much
smaller number. This is the inverse of the standard instructive view,
and is due to two mechanisms.

First, natural selection actively changes protein sequences to
limit binding interactions. This could be either to remove harmful
interactions per se or merely as a side effect of strengthening
beneficial ones (30-32).

Second, although the “motive” for binding may exist, the
“opportunity” often does not, because the proteins are never in
the same place at the same time. They are expressed in different cell
types, or at different times, or are localized to different places. They
may inhabit the same cell, but be hogged in complexes with more
abundant proteins, never free when they meet. As above, this
arrangement could be due either to selection against harmful
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interactions per se or as a side effect of beneficial localization.
Whatever the cause of their separation, offered the chance, many
pairs would happily bind.

This second point predicts that forcibly colocalizing proteins
should frequently produce binding not seen in normal conditions.
This is just what is seen, as has been noted for years in comparing
results from yeast two-hybrid screens to those from physiological
pull-down or cross-linking experiments (33-35). The many “false
positive” interactions found in two-hybrid experiments, while not
found in normal cells, reflect something essential. Given the
opportunity, proteins bind widely.

The permissive view predicts that any perturbation to the cell
that changes protein abundance, relative abundance, localization, or
affinities amounts to producing a “permissive state,” and so should
produce novel binding interactions. The number of new
interactions should scale with the severity of the perturbation,
minor changes producing only a few, but dramatic changes
producing many.

Some concrete examples may illustrate the intuition. Changes to
a protein’s amino acid sequences should also tend to reverse
selection’s drive to circumscribe its binding interactions, creating
a permissive state. Changes to posttranslational modifications,
which also perturb its physicochemical properties, should have a
similar effect. Changes to transcriptional state may change protein
abundance, changing binding directly by mass action; relative
protein abundance, changing binding by competitive effects on
mass action, as proteins formerly complexed with one partner
become free to bind others following changes to normal
stoichiometry; and localization, as proteins overflow into new
cellular compartments, changing binding by bringing pairs
together for the first time. Changes to protein or RNA abundance
or stability, mediated by other proteins that regulate them, like
ubiquitinases, RNA binding proteins, and transcription factors,
should have the same effects.

I do not mean that all changes to these features will produce
permissive states. Healthy regulation is change. It produces not
novel binding interactions, but ones that have been tested and
approved by evolution, either crafted for their utility or not purged
because they are benign. In normal conditions, the cellular milieu is
heavily controlled, constrained to this small fraction of states upon
which natural selection has acted to ensure good behavior.

By contrast, perturbations to the protein repertoire that do not
occur in the normal life of a healthy cell are not pre-screened by
natural selection, and so are not guaranteed to be benign. The
permissive baseline of protein binding here emerges, unleashing a
two-hybrid experiment on a cellular scale. Interactions fall to feral
baseline, and widespread binding breaks free.

I will use the term “perturbation” to refer to any change that
produces a physiological state sufficiently different than those
encountered in normal life that it results in a permissive state and
the novel binding that results. This fits our intuitive use of the word,
and emphasizes the generality that is a central feature of the theory.
The possible causes of perturbations are enormous, and they are not
restricted to any particular class of entity. They include internal
changes, like mutations, and external changes, like chemicals,
external forces, altered substrates, temperature, and much more.

Frontiers in Oncology

10.3389/fonc.2023.1272981

2.4 Summary of the mechanistic basis

In brief, the permissive binding theory holds that many types of
environmental and genetic perturbations produce non-
physiological combinations of protein abundance and localization.
It also holds that binding is — per its name — natively permissive,
such that these perturbations generate a permissive state, in which
emerge a large number of novel protein binding interactions. A
subset of these binding interactions activate existing genetically-
encoded functions, by “dependent” modes of action, that alter the
activity of other, “independent” actions. A subset of these functions
are those that, being useful to the cell, drive oncogenesis, and, as we
will see, particularly the later stages.

3 The permissive binding theory at
work in cancer

Having laid out the theory, I will first sketch how it might play
out in the context of cancer. This is meant to be quite general,
providing the spirit and shape of the theory rather than its
exact details.

3.1 The overall trajectory of
cancer evolution

Cancer initiates according to the mutation-centric framework
as described in the introduction. “Driver mutations” occur,
increasing proliferation and decreasing apoptosis, leading to the
increased cell numbers of benign hyperplasia. These driver genes
are generally pleiotropic, as evidenced by their unusually high
centrality in cellular networks (36). They have roles in many
cellular pathways. The driver mutations therefore have effects on
the cell that extend well beyond the pro-proliferative ones for which
they are selected. These include higher mutation rates, as in
mutations to DNA surveillance genes like p53; and widespread
transcriptional and proteomic perturbations, as in mutations to
global transcription factors like N-myc, regulators of global
transcription factors like CDKN2A, or central signaling hubs like
Ras. As just one example, a common driver KRAS mutation (G13D)
significantly changes the expression of 6,000 genes (37) and the
phosphorylation state of half of all proteins (38). The side effects of
driver mutations are profound: they reverberate through the cell,
producing not just more growth but a broadly perturbed state.

The hyperplasia present at this stage is benign to the organism,
but produces changes to tissue composition, architecture, and
environment felt acutely by the hyperplastic cells. Their contact
with the basement membrane is altered, changing stiffness,
polarization, mechanotransductive signaling (39); their distance to
nearby sources of signaling molecules is changed, giving them more
or less (40); the disrupted contacts with neighbors changes those
neighbors’ behaviors, making them secrete more or less or different
signals (41). These environmental changes perturb the
transcriptional and proteomic state of the cells.
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Even at this early and benign stage, this combination of
endogenous (produced by the driver mutations) and exogenous
(produced by the hyperplasia) changes causes the physiology of the
hyperplastic cells to be significantly perturbed. There are many
changes to the numbers, locations, and states of the protein
repertoire; this cellular state is now one not seen in any normal
cell type. Per the permissive binding theory, this is a permissive
state, allowing many novel protein binding interactions to emerge.

Per the theory, some of these new binding interactions activate
latent cellular functions. These are induced “randomly,” depending
only on the molecular details of the particular permissive state.
There is no bias for functions useful to the cell. If no useful
functions are produced, the hyperplastic process continues,
bringing continual physical and environmental changes, and
inducing new permissive states, new binding, and new functions.

Eventually, a function useful to the tumor emerges, providing
the functions necessary for the next stage of its progression. The all-
important EMT is induced, conferring the ability to invade and
migrate. The relative importance of endogenous and exogenous
changes in this emergence is a detail of the theory not yet clear, and
will likely vary from case to case. But the exogenous ones are likely
significant, as suggested by findings that changes to the stiffness of
the extracellular environment can induce the EMT (42, 43) and that
EMT activation varies across the spatial dimensions of the tumor,
with preferential activation in cells on its edge (44).

The cancer now moves into surrounding tissue. The cells
resident there are well-adapted to it and so live happily, but the
invasive cells are not. For them, it is a foreign environment, and so
further perturbs cellular physiology, creating permissive states.
Another wave of novel binding is unleashed. New functions are
generated, from which selection can pick those useful to the
progression of the cancer at the present time. If the cells are in
striking distance of vasculature, for example, functions that allow
them to intravasate may be selected. If they are in need of new
metabolic strategies, those functions will be selected instead.

Eventually, the cancer moves through circulation and enters
foreign tissue. This environment, more unfamiliar than any it has
encountered before, deepens physiological perturbation and creates
even more permissive states. Sometimes, among the many functions
unlocked are a number and kind sufficient to enable successful
colonization of this new territory. A metastasis is formed.

We can briefly summarize the overall picture by delineating two
phases of oncogenesis. Initiation occurs when driver mutations
disable normal cellular guardrails, allowing unregulated
proliferation. They also perturb the cell’s physiology internally
(through disruption of pathways of which the driver genes are
members) and externally (by altering the physical environment of
the cells), creating the first suite of permissive states. From here, the
iterative second phase, which I call innovation, begins. These
permissive states create new functions; these enable access to new
oncogenic phenotypes; these perturb physiology; this creates new
functions - and so on. Genetic perturbations, of generally
increasing severity, accumulate throughout, adding the fuel of
their own resulting perturbations. A turn of this crank enables
each new stage of cancer, which requires its own set of adaptations,
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in turn. Progression begets progression; pathology begets pathology.
This summary is depicted in Figure 2 below.

3.2 Other phenomenological features as
explained by the theory

I will now show how the theory might be useful for explaining
various other features and observations in cancer. Many other
examples are possible; here, I focus on features that the standard
mutation-centric picture struggles to explain or points about which
readers may be wondering.

3.2.1 Necessity of driver mutations

The theory holds that many different perturbations, including
purely environmental ones, can create the permissive states that
enable oncogenesis. Why, then do we not observe cancers triggered
exclusively by environment, entirely devoid of mutations?

In normal cells, environmental insults do unleash permissive
states. But the affected cells are usually then subject to physiological
safeguards that, most of the time, successfully prevent excessive
proliferation and cancer progression. These safeguards include
processes like apoptosis and cell cycle checkpoints, and are carried
out by tumor suppressor genes. Successful oncogenesis requires
disabling these safeguards, which is generally possible to the extent
required only through mutation of these tumor suppressor genes.

The purely environmental induction of cancer is possible, as has
been shown in experimental conditions (45). That it does not
usually occur in nature likely reflects the low likelihood of
evading the tumor suppressive mechanisms that are “baked in” to
normal physiology without the help of mutations.

Many diseases other than cancer cause widespread physiological
perturbations, like the altered hormonal profiles and chronic
inflammation of obesity and diabetes. The above argument is
consistent with the observation that these diseases increase the risk
of cancer (46). Lacking the key initiating mutations, these conditions
alone are not sufficient to drive cancer; but, once these mutations occur,
the perturbed environment that they produce increases the probability
of cancer developing, and/or the speed with which it progresses.

3.2.2 The role of environmental perturbation

Although environmental perturbations alone are not generally
sufficient to induce cancer, they likely induce many of the permissive
states key to its later evolution. This would explain the observed lack
of characteristic metastatic mutations and the finding that they do not
seem to be necessary (1, 3, 5-7). The invasion-metastasis cascade is
partly or largely driven by the environmental perturbations that are
rampant in these stages, rather than mutations.

The key role of environment allows the possibility that
mutations within a tumor could act indirectly, by perturbing and
creating a permissive state in their neighbors. The high genetic
heterogeneity of many tumors (47) may reflect such a strategy.

The tumor microenvironment has increasingly been recognized
as key in oncogenesis (41, 48). Some of these effects may be by way
of generating permissive states in the tumor.
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FIGURE 2

A summary of the stages of cancer evolution in terms of the present theory. In the first phase (initiation), driver mutations lead to a primary tumor by
disabling tumor suppression, driving proliferation, and perturbing cellular physiology. In the second phase (innovation), an iterative process, new
binding interactions are unleashed by perturbed physiology, fueling new oncogenic behaviors, which in turn cause more perturbations as, e.g. the
cancer moves into a new environment. Genetic changes accumulate throughout, contributing to perturbation. (Figure created with BioRender.com).

Why do cancers form a primary tumor before they disseminate
and metastasize, rather than vice versa? Under the mutation-centric
framework, this was assumed to reflect the large number of cell
divisions necessary for the mutations enabling spread, an
interpretation questioned by the finding that mutations do not
seem to be necessary for metastasis, and that metastatic lineages can
emerge quite early from primary tumors (49). The essential role of
the permissive state produced by the altered physical environment
in the primary tumor may be the reason.

3.2.3 Stability and heritability
of adaptations

If environmental perturbations cause the abilities that enable
oncogenesis, can restoring a normal environment revert the cancer?
This has been observed in experimental conditions (16, 17, 50).

Should this always happen? Not necessarily. A strong
counterpoint is normal cellular differentiation: a heritable change in
cellular state triggered by environmental cues and effected by protein
interactions (often, complexes between one or more transcription
factors and DNA) that is nonetheless largely irreversible.

A helpful way of conceptualizing this phenomenon is one in
which the differentiated cellular state is considered an attractor in a
dynamical system, stable against environmental perturbations once
reached even though the inciting incident was an environmental
change. An analogous model has been proposed for cancer cell
states (51). If permissive states unlock new binding events that cause
functions which reinforce them, the resulting positive feedback loop
may form an attractor, making the cancer cell state stably heritable
even when the environmental perturbation is removed. It is
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counter-intuitive that a non-physiological cellular state like
cancer, which has presumably not been produced directly by
natural selection, could be stable. But important work in
dynamical systems theory has shown that stability in such
systems is more common than one might think and does not
necessarily require selection (52).

In the case of cancer, it may also be that the duration for which a
particular adaptation is advantageous is short, such that it may not
need to be as stable as is a normal cell type. For example, it may not
be useful for cancers to maintain an activated EMT program after
they have already migrated to a new tissue. Especially in this case,
but perhaps in general, selection may be able to act to regenerate
cells with useful binding interactions despite their not being stably
heritable in the very long term.

3.2.4 The role of transcription factors

The theory suggests a key role for transcription factors in
oncogenesis. Because cancer cells likely deploy existing genetic
programs (e.g. the EMT) in successful invasion and metastasis,
transcription factors, as the switches that turn genetic programs on
and off, are central. A new binding interaction for a transcription factor,
either with a new DNA locus or with a new coactivator or corepressor,
has the potential to activate a fully-formed cellular function.

There is also reason to believe that transcription factors should
be uniquely vulnerable to forming new binding interactions in
perturbed physiology. Many transcription factors bind
cooperatively with cofactors, and many bind different targets, or
have qualitatively different effects (activation versus repression) on
their targets, depending on the particular cofactor to which they are
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bound. Small changes in the level of available binding partners can
therefore have dramatic changes on target gene expression. That the
relative levels (stoichiometry) of transcription factors is a major
determinant of gene expression, especially in irreversible cell fate
decisions, is well-known (53-56). Physiological perturbations found
in cancer, with the capacity to seriously alter protein levels, might
therefore be expected to dramatically change the targets of
transcription factors.

The large potential of transcription factors to unlock functions
useful in cancer combined with the unique vulnerability resulting
from their sensitive dependence on stoichiometry suggests that they
may play a special role in oncogenesis.

3.2.5 Diversity of environmental insults

A dizzying variety of chemical and environmental exposures
increase cancer risk. Structurally diverse chemicals; chronic
inflammation; hormonal perturbation; hot liquids; infections; and
more all the time (57). We now take for granted that ‘almost
everything causes cancer,” but such diversity is quite remarkable.
One would like a unifying mechanism for the oncogenic activity of
such varied agents. It was assumed that most carcinogens are
mutagenic, but recent work has shown this not to be the case (58).

The present theory offers an answer. The only requirement to
cause oncogenesis, following the acquisition of driver mutations, is
any perturbation large enough to generate a permissive state. The
theory is agnostic to the specifics of the causal agent. It predicts the
striking generality of oncogenic activity that we observe.

3.2.6 Changes in types of mutations
over time

Genetic changes accumulate throughout the evolution of
cancer. The new environments faced during the invasion-
metastasis cascade, particularly colonization, demand a larger
number, and more specific types, of adaptations than did the site
of the primary tumor. The cancer must activate the specific
pathways that can metabolize the new tissue’s food sources; adjust
to its particular oxygen level; communicate with and coerce its new
neighbors; and so on.

Increasingly, it is large, coarse, dramatic genetic changes, like
aneuploidy, polyploidy, chromothrypsis, and extracellular DNA,
that are useful here (14). Being of very large effect, they dramatically
perturb expression levels (59, 60)to create correspondingly
permissive states, creating a huge amount of new binding in one
fell swoop. This ‘everything at the wall’ strategy is their best chance
of hitting upon the many and specific abilities that they need.

Cells with strong tendencies to produce these dramatic genetic
changes in their daughters are especially useful here. They accelerate
adaptation by rapidly generating the needed variation. This may be
the role of cells that are highly genetically unstable due to very
abnormal karyotypes, like polyploid and polyaneuploid giant cancer
cells, which have been shown to be capable of seeding metastases
with much adaptive potential (12, 61).

These dramatic perturbations are selected for in virtue of the
useful interactions that they produce, but also cause many useless,
or even harmful, “passenger interactions.” Despite not being useful
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when they occur, they may become useful later, “preadapting” the
cancer to new challenges. This may account for at least some of the
uncanny ability of cancer cells that have adapted to one
environment to adapt to another, despite the two sets of
necessary adaptations not obviously having much in common.

3.2.7 Tissue specificity

Because the new binding interactions that drive cancer are due
to serendipitous interactions between whatever proteins were
present in the perturbed cell, the theory predicts strong
dependence of binding events on tissue of origin, based on its
characteristic expression profile. As some perturbations are caused
by mutations, some mutations should have tissue dependence, as is
the case (62).

3.2.8 The EMT-stemness link

It has been observed that cancer cells that have activated the
EMT are also strong “cancer stem cells,” particularly capable of
seeding metastases. The observation is mysterious: the EMT
supports the invasion and migration process itself, but is not
obviously useful for the different task of colonizing new tissue.

The present theory is consistent with this observation. It holds
that any cellular state that is sufficiently dissimilar from those
encountered in the normal life of a cell is permissive. The
induction of the EMT does not normally occur in the cell types
from which tumors have arisen, or in the environments in which
they reside. Inducing an EMT program in these foreign contexts
pumps its effectors into a cell teeming with proteins utterly
unfamiliar to it. A large amount of novel binding is thus unleashed.

This reasoning is consistent with the additional finding that
partial induction of the EMT, producing an intermediate state
neither completely epithelial nor completely mesenchymal, causes
stronger stemness than does complete induction. Extended
duration of this Frankensteinian intermediate is even more
dissimilar to normal physiology, and so is even more permissive.

The theory does not predict that the EMT is special in this
regard. Induction of any program that is partial, in a non-
physiological cell type, or in a non-physiologic environment
should cause oncogenic phenotypes. Just this has been observed
in a case of incomplete reprogramming (63).

The EMT is distinctive in that it is strongly selected for because
of its utility for migration and invasion. Other programs will not be
as often selected, and so will not have the opportunity to drive
subsequent adaptation.

3.2.9 New genes and cancer

If protein binding is permissive by default, and such permissive
binding is prone to drive oncogenesis, then newly-born genes, for
which natural selection has had limited time to prune and limit
potentially harmful interactions, should be especially liable to
forming such interactions during physiological perturbation, and
therefore to promoting cancer.

As I noted previously in a review of so-called “de novo” genes,
recently been born anew from noncoding DNA, this seems to be the
case. Strikingly, the only known functions of human de novo genes
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are pro-oncogenic ones (64). (It was this curious observation that
prompted development of the present theory).

4 Evidence for the theory

My discussion so far has been mostly conceptual, arguing from
first principles for the mechanistic plausibility of the theory, and
abductive, arguing for its ability to explain and unify much
apparently disparate phenomenology in cancer. Is there direct
evidence for or against the theory and its specific proposal of the
centrality of novel protein interactions?

Direct tests of the theory will ideally begin with identification of
binding interactions in cancer cells. This remains technically
challenging at medium to large scale, and so relevant data are
sparse. But there are some, which I discuss below.

It is important to note that all data discussed below are derived
from cell lines, as are the vast majority of experimental data on
cancer. Their applicability to the primary aspiration of the theory -
the invasion-metastasis cascade - is therefore limited. Although
developed primarily to answer the puzzle of invasion and
metastasis, there is nothing preventing the theory from operating
in earlier cancer, as described above; so I take these results to be
promising overall.

4.1 Many novel protein interactions in
cancer cell lines

A basic prediction of the theory is that there should be many
new binding interactions in cancers. Are there data to this effect?

An important kind of binding interaction is between proteins (as
opposed to between, for example, proteins and DNA, as for
transcription factors). There is much work aiming to indirectly
infer protein interaction networks in cancer lines (from, for
example, combinations of transcriptional and genomic data), which
has generated results suggestive of many new interactions (65-67).
While these results are interesting support for the theory, I will focus
here on direct experimental tests, which seem to me more decisive.

One recent pair of studies in a) head and neck (68) and b) breast
cancer (69)cell lines systematically identified all binding partners
for 30-40 proteins known to drive their respective condition (but
not all mutated in the cell lines used). For each cancer type, these
protein interactions were identified in two independent cancer lines
and, as comparison, in one non-cancerous line from a matched
normal tissue.

The number of protein-protein interactions identified in each
cell line, and the number found to be shared between them, is
shown as Figure 3 below. Two features are striking.

First, all four cancer lines have many more protein-protein
interactions, by 2-4 fold, than their non-cancerous counterparts.

Orthogonal support for this conclusion comes from a different
study (which, because it took a somewhat narrower and less
physiologically relevant approach, I give less primacy). 32 driver
mutations were engineered into non-cancerous (HEK293T) cell
lines, and interactions between each wild-type and mutated protein
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and a defined set of ~550 other proteins were identified. The
mutated proteins had many more interaction partners (340) than
the wild-type.

It is not surprising that cancer cells, being different than normal
cells, should have some different interactions. It is less obvious that
there should be quite so many differences. The addition of new
interactions numbering twice as many as the original total
is profound.

It is also surprising that, in addition to there being many new
interactions, the total number of interactions is so much higher in
cancer cells. It might have been that cancers gain and lose a similar
number, roughly maintaining the total. This is not what we observe.
The large increase in the total number of interactions is specifically
consistent with the hypothesis of permissive binding. Interactions
are abundant at baseline, pruned in normal conditions, and
returned to baseline by perturbation.

Second, within a cancer type, relatively few of the new
interactions in each cancer line are shared with the other.

This too is consistent with the hypothesis of permissive binding.
Perturbations cause permissive states, but different ones: they allow
interactions between whatever proteins are present in the cells,
determined by their history, their environment, and the precise
nature of the perturbation. Different cancers, differing in all of these
features, should have different sets of interactions.

The intersection of these interactions may be the key “drivers”
of oncogenic function in these cancers, much as we infer that genes
recurrently mutated in many independent tumors are the genetic
drivers. The others may, similarly, be “passenger interactions”.

4.2 New binding interactions may be the
root of differential dependencies

A second kind of evidence comes from experiments identifying
genes upon which cancer lines have become dependent during their
evolution. This is done by systematically knocking genes out or
down, one at a time, and determining which are essential for the
survival of the cancer line, but not for normal cells (70).

This work has made two points clear. The first is that there is
substantial variation between cancer lines in which genes have
become essential, a phenomenon termed “differential dependence.”
The second is that, while some of the differential dependencies in a
given cancer can be explained by the mutations that it bears (for
example, gain-of-function mutations to canonical driver genes
often result in their becoming essential in “oncogene addiction”),
many cannot. One recent analysis of 769 cancer cell lines found 550
genes with differential dependence, of which only 127 - less than a
quarter - could be explained by mutations. Adding the cancer type
in question to the analysis increased power, allowing 227 of the 550
dependencies to be accounted for (71)- still less than half.

Differentially dependent genes are promising as a clue to the
basis of the new abilities gained by cancer cells. Because their role
differs dramatically between cancers and their ancestor, they may be
the key substrates of change.

In the structure of the permissive binding theory, differentially
dependent genes are well-suited to be the proteins directly

frontiersin.org


https://doi.org/10.3389/fonc.2023.1272981
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Weisman 10.3389/fonc.2023.1272981
Breast cancer
Non-cancer breast
Breast cancer, Breast cancer
line 1 %ﬁ line 2
Head and neck squamous cell carcinoma
(HNSCQ)
Non-cancer esophagaeal

HNSCC % HNSCC

line 1 @ line 2
FIGURE 3

The results of two studies (68, 69), that identified protein-protein interactions in cancerous and non-cancerous cell lines. For each of two types of
cancer (breast cancer and head and neck squamous cell carcinoma), two cancerous cell lines and one non-cancerous cell line of matched tissue
type were profiled. The interactions found in the three lines of each cancer type were then compared to determine how many were shared. The

number of unique and shared interactions in each line are depicted in the

participating in the novel binding interactions. They are essential
specifically in cancer and not in normal cells, due to the functions
that they newly drive in cancer. They differ between cancer lines, as
new interactions should, having been generated by idiosyncratic
endogenous and exogenous perturbations. They are not robustly
predictable from mutations, as they result from a wide variety of
complex genetic and environmental perturbations. They are much
more predictable from mutations with the additional context of cell
type, which dictates what proteins were present and thus available
for binding when the perturbation occurred.

Are differentially dependent genes those involved in the new
binding interactions found in cancers? Sadly, there are no
experimental data to this effect. But we can ask whether there are
known features of these genes suggesting their tendency to be
involved in binding interactions in general. A gene ontology
analysis of the differentially dependent genes identified in the
above analysis reveals that they are remarkably enriched for
binding ability. The 5 most statistically significant category
enrichments (having removed “molecular function,” which, since
it is the meta-category selected for use in the analysis, strikes me as
trivial) are reproduced (71) as Table 1 below.

The three categories with highest fold enrichment (rather than
the lowest p-value; all still statistically significant) are “C-X3-C
chemokine binding,” “BH3 domain binding,” and “alpha-catenin
binding.” And, of all 109 GO categories found to be significantly
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Venn diagrams.

enriched, 73 (67%) include the term “binding,” compared to only
1878/11236 (17%) of all categories.

4.3 A putative example of the theory
in action

There have to my knowledge been no systematic searches for
new protein binding interactions that drive the evolved functions
essential for cancer, but a beautiful example has been discovered
incidentally (72), which I describe below.

Beta-catenin is a transcriptional coactivator that commonly
contributes to early oncogenesis. In its canonical role, it is
activated in response to wnt signaling, where it acts dependently
to displace repressors from transcription factor TCF4, allowing
transcription of its target genes. Some colon cancers become
dependent on beta-catenin activity following its activation early in
their evolution. For example, as shown in Figure 1, mutations
reducing the activity of APC, which sequesters beta-catenin,
are frequent.

What is the molecular mechanism behind the essential beta-
catenin activity in these cancers? One might expect that activation
of beta-catenin increases its activity within its normal TCF4
pathway. Surprisingly, a systematic screen for essential genes in
these lines failed to find TCF4 pathway genes. Instead, they found
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TABLE 1 Results from (71), which first identified “differentially
dependent” genes, defined as genes whose essentiality (as determined
by causing reduced proliferation when knocked out or down) varies
across many cancer cell lines, and then performed a gene ontology (GO)
enrichment analysis to determine whether particular functions were
enriched among these genes. Shown are the top five most statistically
significant GO categories resulting from the analysis.

GO molecular Expected
. Number P-value
function number
Protein binding 9
468 361.15 7.3x10
(GO:000515) x
Binding (GO:0005488) 491 41598 7.2x10%!
Enzyme binding 50
135 57.57 1.4x10
(GO:0019899) X
Protein domain specific 65 17.83 33x10°18
o DX
binding (GO:0019904)
Kinase binding 67 19.27 3.8x1018
(GO:0019900) ’ :

an unexpected dependence on transcriptional coactivator YAPI,
canonically involved in Hippo signaling, and transcription factor
TBX5. These proteins were shown to assemble into a complex that
transcribes antiapoptotic genes including BCL2L1, promoting
survival. All three were shown to be necessary for this anti-
apoptotic activity and for tumor growth in vivo.

Three points are important for our discussion.

First, this is an exquisite case study demonstrating the centrality
of a new binding interaction in the survival of a cancer: rather than
merely causing more activity in its standard TCF4-related role,
beta-catenin forms a new complex containing TBX5 and YAPI. It is
relevant to the above data to note that this new binding interaction
is the molecular basis of a differential dependence: other colon
cancer lines were not dependent on this new complex.

Second, this binding interaction produces function precisely in
the manner predicted by the theory. It turns on dependent
functions: beta-catenin acts dependently, binding to a coactivator
and a transcription factor to bring the transcription factor to DNA,
where it activates the existing cellular program of BCL2L1-mediated
suppression of apoptosis.

Moreover, the formation of the novel complex was likely
dependent on perturbations induced by the driver mutation or
subsequent environmental perturbations. Here is a plausible
scenario. Following activating mutations, for example to the
APC, beta-catenin is more abundant in the cytoplasm. It has a
latent propensity to bind YAPI: it does so in the very different
conditions of heart development (73), but, even though YAPI is
expressed in most epithelia (72), is normally prevented from doing
so in colon cells. The increase in beta-catenin creates the
permissive conditions that permit the interaction in this foreign
context. Either because this association changes its localization or
physicochemical properties, or because of other perturbations to
the cell, YAP1 then permissively binds TBX5. Again, it does not
normally do so; but, again, it has a latent ability, as shown by
experiments in which their binding results from their
overexpression (74). The YAP1-TBX5-beta catenin complex is
now formed, and binds to the promoters of anti-apoptosis genes.
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Here again this is not the normal function of the transcription
factor TBX5, but again it has latent ability to do so, having been
shown to bind these genes when overexpressed (75), and it is likely
aided by new binding partner YAP1, which is a coactivator for
these targets in other conditions (76). Later in the evolution of
such cancers, loss of beta-catenin’s normal binding partner TCF4
can further increase the amount available to join this complex,
explaining why TCF4 loss promotes tumor progression (77), an
observation that, when TCF4 itself was thought to be co-
complexed with beta-catenin as part of the key oncogenic
complex, was difficult to explain.

Though not discovered with the theory in mind, this looks
enormously like a demonstration of it. Here is a case in which new
binding interactions, enabled by perturbations to the cell, activate
an existing cellular program, driving the differential dependency
that reflects this cancer-specific adaptation. A graphical summary
showing a simplified version of these findings, and their casting in
terms of the mechanistic steps postulated by the theory, is shown
below in Figure 4.

Stumbling across a phenomenon at first thought to be unusual
has often been the tip of the iceberg, preceding realization that it is
actually pervasive. Examples like this may be the rule rather than
the exception.

4.4 Summary of the available data

The existing data indicate three things. First, that a new binding
interaction underlies at least one ability - the repression of
apoptosis - crucial for the evolution of one cancer, through
molecular mechanisms consistent with those predicted by the
theory. Second, that there are many new binding interactions
present in cancers. Third, that genes responsible for a large
number of essential cancer-specific abilities are enriched for
known functions related to binding. These, to my mind, form a
promising initial basis for belief in the utility of the theory,
warranting further testing.

5 Testing the theory

An essential feature of the permissive binding theory is that it
makes concrete and testable predictions. These are:

1. Cancer cells have more protein interactions than non-
cancerous cells.

2. A subset (of unknown size) of these cancer-specific protein
interactions cause cancer-specific phenotypes, such as
invasion, metastasis, colonization, etc.

Prediction 2 is in many contexts the most important
consequence of the theory, but could be true for reasons other
than the specific mechanism of permissivity proposed here, which is
tested by prediction 1.

Small-scale tests of prediction 1, including the studies discussed
above, have already been performed, but larger-scale validation

frontiersin.org


https://doi.org/10.3389/fonc.2023.1272981
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Weisman

BCL2L1

Normal tissue:
B-catenin bound to physiologically
standard partners

[
—
.|
BCL2L1

Reactivation by binding:
New protein complex activates

endogenous anti-apoptotic program

FIGURE 4

10.3389/fonc.2023.1272981

TBX5

APC
TCF4

BCL2L1

Binding by perturbation:
Perturbations to protein repertoire make -
catenin available to novel binding partners

Apoptotic resistance

BCL2L1

Oncogenesis by reactivation:
Existing anti-apoptotic program,
activated in non-native context, drives
oncogenesis

A graphical depiction of my interpretation of the results in (72) within the framework of the permissive binding theory. The first event in colorectal
cancer progression occurs when deletion or disruption of the APC, a canonical driver mutation, perturbs the cell by decreasing the levels of normal
interaction partners of beta-catenin. This leaves beta-catenin free to form new binding interactions with non-standard partners TBX5 and YAP1.
Once this novel complex is formed, it can bind to promoters of anti-apoptotic genes like BCL21L, which beta-catenin does not regulate in normal
physiological contexts, and drive their expression. This switches on the anti-apoptotic program, which, repressed in normal physiological conditions,
confers the new ability of apoptotic resistance on the developing cancer. (Figure created with BioRender.com).

should follow. This requires systematically identifying the binding
interactions in many cancers (and non-cancer controls). In an ideal
world, this would be done for a variety of cancer types; for primary
tumors and especially metastases, rather than cell lines (this is
especially important given the importance that the theory places on
environment, which will not likely be exactly recapitulated in cell
culture); and at proteome-wide scale. Realistically, the limitations of
existing technology make many of these desiderata difficult; studies in
cell lines focusing on a subset of proteins may be more realistic. To be
maximally informative within these constraints, the number of cell
lines should be sizable (more on this below), with multiple lines per
cancer type and multiple cancer types represented, and the selected
‘bait’ proteins should be diverse along the axes of function (including
receptors/signal transduction machinery, intracellular signaling hubs,
transcription factors, etc.) and known oncogenicity (canonical driver
proteins and those not as clearly implicated in cancer). Techniques
like those used in the analysis of breast cancer and HNSCC lines
discussed above (68, 69), as well as many other types of approaches
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for which there are proof-of-principle demonstrations (66), may be
useful here.

Prediction 2 can be tested directly or indirectly. Direct tests can be
achieved in two general ways. The first is to disrupt a subset of the
interactions identified in prediction 1 and assessing whether, and
which, oncogenic properties of the cells are affected. Disrupting
protein interactions is known to be difficult, and the best strategy
will likely depend on the particular interaction in question. For
example, there is a growing repertoire of existing small molecule
interaction inhibitors, especially for proteins already of therapeutic
interest (e.g. Kras (78)); although made to target specific protein pairs,
they could also affect interactions between those proteins and other,
new partners. New inhibitors could also be sought via standard
screening approaches. Genetic approaches, if a particular binding site
is known or likely given existing knowledge, may also be possible. The
second direct test is the complementary approach: inducing a particular
protein interaction in a cell line lacking the oncogenic phenotype of
interest and determining whether the interaction confers that
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phenotype. This strikes me as the more powerful approach, as it
minimizes the probability of misleading side effects from the
perturbations suggested above. The task of inducing protein
interactions is also challenging, but again, the field is progressing
fairly rapidly on this front (79, 80). As a true gold standard for
causality, as is the case in molecular genetics, one might hope to
employ both the perturbation and induction methods in combination:
perturbation followed by induction in the same cell line would function
analogously to a “knockout” and a “rescue” experiment, which would
be strongly compelling. Once an interaction is disrupted or induced,
standard in vitro and in vivo assays for particular oncogenic phenotypes
(like wound closure assays for migration, transwell assays for
invasiveness, and transplant assays for metastasis (81)) can be used
to assess the effect on phenotype.

An indirect test of prediction 2 may be simpler, as can be seen by
analogy to the history of the mutation-centric picture. The hypothesis
of the causality of mutations in early cancer turned out not only to be
correct, but to be realized in a simple form. Rather than each case of
cancer evolving by way of its own unique, idiosyncratic set of
mutations, there is widespread convergence across cancers, both
within and between types, resulting in shared mutations. When
sequencing revealed these shared mutations in cancer after cancer,
much more often than could be explained by chance, they were
immediately implicated as causal, even in lieu of direct experimental
data. Analogously, if the causal interactions posited by prediction 2
include some that are recurrently converged upon by many different
cancers, these shared interactions should be found in cancers more
often than is expected by chance, and so should be identifiable with
statistical testing of datasets generated from prediction 1.

Here is one possibility for such a test. We consider a null model in
which the perturbations that characterize cancer probabilistically cause
some set of I possible new protein interactions, but that none of these is
beneficial in cancer progression, such that each cancer acquires some
number from this set at random. In this model, the only reason that an
interaction would be found in multiple cancer lines is by chance; if we
find interactions that occur more frequently than this chance level, we
may suspect that they are causal. Suppose that we identify interactions
in N total cancers. Under this model, the probability of finding any
particular interaction in one of the cancers C, which has acquired C,,
interactions from the possible set of I interactions, is P(C) = C,/I. The
number of total cancers, T, in which a particular interaction appears is
distributed as the sum of N independent Bernoulli distributions, one
for each of the N cancers, with cancer-specific parameter p,, = C,/L
This distribution is also known as the Poisson binomial distribution,
and although its analytical form is complex, per the Lyapunov Central
Limit Theorem, it can be well-approximated by a normal distribution
at even modest values of N, with the same mean and variance as given
by the standard sum of its component distributions (82). We can
therefore estimate the total number of cancers T in which we expect to
find a particular interaction under this null model by a normal
distribution with mean 25:1 Pm = Efnlzlcm/I and variance
S Pm(1-Pm) = S Co/I(1-Cyy/1).

What should we use for the number I, the total number of
possible interactions from which cancers sample independently? A
strict upper bound is the total number of interactions in the human
proteome, the square of the number of human proteins, ~4x10°,
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Realistically, this is vastly too high: many interactions will likely not
be detectable even if present due to low abundance or other
technical limitations, and many are likely simply not possible to
generate even in a perturbed cell. Suppose that in our N cancers, we
find a total of U unique protein interactions. We might use U as the
value of I. This is obviously an underestimate, but an underestimate
has the nice property of making for a conservative statistical test,
increasing the probability of convergence under the null model.

We can use this model to perform a rough power calculation: how
many lines would we need to profile to see significance? This depends
on the details of the above parameters, but using numbers on the order
of those from Figure 2: if we have 10 cancers, with 200 interactions
each, and only mild overlap between them, such that U is 1800 total
interactions, we would be able to detect statistical significance at
p=0.05, including multiple test correction, for interactions found in 6
or more cancers. If we increase the number of cancers, but hold
constant each cancer’s number of interactions and the overlap between
them, with 20 cancers, we can detect significance at 0.05 for
interactions found in 7 or more. We will likely want to include more
cancers than this merely for the sake of including a diversity of types;
this is merely meant to demonstrate that the prospect of gaining
evidence for causality is feasible from the standpoint of statistics.

As realists, we must admit that there is likely to be some
dependence on cancer type, as we see for mutations, and on
metastatic site, as colonization of different tissues likely requires
different abilities. But there may be some complexes that transcend
these features, corresponding to functions needed in most or all
metastatic sites (e.g. for immune escape). Convergence within these
categories seems likelier, but will increase the risk, for which there is
not as clear a counterpart in the mutation-centric picture, that
shared environmental features rather than causality produce the
shared interactions. The ideal scenario is that most interactions are
not shared between cancers, suggesting that the above null model is
generally a reasonable one, and that a few standouts are widespread.
This is more or less what is seen in Figure 2: most interactions are
not shared between the cancer lines, suggesting that there is not
widespread convergence due to environment alone.

A negative result would not disprove the theory; it could merely
be that interactions are idiosyncratic rather than shared. In this case,
experimental perturbations, as described above, will be necessary.

6 Conceptual and practical features of
the theory

I will now mention two features of the theory that are not
related to its probability of being correct, but that are of conceptual
and practical interest respectively.

6.1 Compatibility with other theories

An important difference between the present theory and many
alternatives is that it includes a causal picture that identifies not only
the ultimate causes of oncogenesis (here, initiating mutations or
environmental perturbations), but its proximal causes: novel
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binding interactions. Beyond merely including both, the theory is
primarily concerned with, and most specific about, this proximal
cause. It is essentially agnostic on, and can accommodate wide
variation in, the identity and relative importance of ultimate causes.

By contrast, most alternatives are hypotheses about ultimate
causes. For example, epigenetic theories may invoke changes in
DNA methylation or histone modifications. These leave unspecified
the details of exactly how these changes produce oncogenic functions.

This difference in level of specification means that many alternative
theories can be subsumed without modification under the permissive
binding theory. For example, changes to DNA methylation may
perturb transcription, leading to imbalances in the levels of proteins
present in the cell. In the language of the present theory, DNA
methylation may perturb the cell to create a permissive state. The
same subsumption can be performed for less mainstream theories, like
the genome architecture theory (83), which proposes that oncogenesis
is due to dramatic and rapid genome rearrangements, or the tissue
organization field theory (84), which proposes that oncogenesis is due
to microenvironmental perturbations in the surrounding tissue.

All of these theories may be true to some degree. The permissive
binding theory offers a unifying substrate onto which these diverse
causes converge in producing their effects. This substrate — protein
binding - is well-positioned to both explain and predict the
observed effects, being the direct effector of cellular functions.

6.2 Implications for cancer therapy

The theory clearly suggests that targeting the novel protein
interactions that cause key oncogenic phenotypes may be of
therapeutic benefit. Binding interactions are notoriously difficult
to target with small molecules (85), to the extent that they have been
referred to as “undruggable” (86), but recent work on the problem,
has shown promise (87).

That targeting protein-protein interactions could be a fruitful
therapeutic avenue in cancer is not a new idea (88). The permissive
binding theory merely emphasizes their importance, arguing that,
because they are the most directly causal alteration in cancer cells,
they are the single best point of attack.

Importantly, the permissive binding theory also suggests that
the causal interactions in cancer are novel ones, not present in non-
cancerous cells of the same tissue. If true, it is possible that side
effects to therapeutics targeting these interactions will be less
profound than those resulting from other therapies, which target
pathways and mechanisms also found in normal cells.

7 Discussion: hope for simplicity

The permissive binding theory is similar in shape to the mutation-
centric picture. Both posit discrete entities (mutations, binding
interactions) that change during the evolution of a cancer to directly
produce oncogenic functions. But, as we have seen, the consequences of
taking protein interactions as the central object in a framework of
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cancer are quite different than those implied by mutations alone. I
think it is better-suited than the mutation picture to explain the
invasion-metastasis cascade on conceptual grounds, and am
encouraged by initial empirical support. The theory’s biggest
weakness is that this support is limited to the very small amount of
available data that are suited to test it. I hope that this analysis inspires
further tests, including but not limited to those suggested above.

In some ways, the permissive binding theory differs from the
mutation-centric picture primarily in its esteem for the complexity
of biology. It does not limit itself to a picture in which the cell
operates akin to clean cartoons in textbooks, in which proteins
interact only with their designated playmates, proceeding directly to
them and carrying out their jobs in deterministic sequences. It
opens itself to one that is more realistic to the physical and
evolutionary mechanisms that undergird living systems:
movements and interactions of proteins are stochastic, and the
cell is only exact as it needs to be, dictated by the normal
physiological contexts upon which natural selection primarily acts.

It might also be thought of as differing in accepting the limitations
of our knowledge. Proteins are in most cases the final output layer of the
cell: they are what makes biology go. The causes of phenotypes must, in
the end, be descriptions of what proteins are doing. In an ideal world, we
would be able to input state variables of any cell - its mutational
repertoire, its physical environment, its transcriptional state, and so on
- and output what its proteins are doing. But we live far from this ideal
world. The permissive binding theory accepts this reality, relinquishing
hope of being able to squint through the narrow lens of mutations and
accepting the need, more technically difficult though it may be, to look
to the proteins themselves to tell us what they are doing.

The permissive binding theory is here discussed in the case of
cancer, but has applications beyond it. It may underlie pathological
mechanisms in chronic diseases in which the physiological
environment is altered as either cause or consequence, like
inflammation, diabetes, and cardiovascular disease. Moreover, it is
primarily an evolutionary theory, developed to address the
evolutionary puzzle of invasion and metastasis, which it does by
positing generic perturbations as a source of “unlocking” new
functions. This offers a general mechanism that may be at play in
other evolutionary contexts.

The permissive binding theory proposes that the waters of our
attempts to understand cancer evolution have appeared so muddy
because we have focused on the wrong entities. It offers a different
level of analysis, at which formerly disjointed observations and
mechanisms may collapse into a coherent whole. It is well-
positioned to do this, being a claim about the interactions
between proteins, which are the final effector of cellular behavior,
and so are a natural point of convergence for observations regarding
varied underlying mechanisms. Heterogeneous molecular changes,
varied in kind and inconsistent in occurrence, that characterize
cancers - point mutations, epigenetic mutations, aneuploidies,
polyploidies, extrachromosomal DNA, transcriptional changes,
translational changes, posttranslational modification changes,
metabolite changes, morphological changes - may converge in
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their effects on the proteins: by different mechanisms, they may
produce the same few key complexes.

I think the theory’s biggest virtue is that, if it is true, things could
turn out to be simpler than they now appear (89).
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NCYM, a Homininae-specific oncoprotein, is the first de novo gene product
experimentally shown to have oncogenic functions. NCYM stabilizes MYCN and
B-catenin via direct binding and inhibition of GSK3B and promotes cancer
progression in various tumors. Thus, the identification of compounds that
binds to NCYM and structural characterization of the complex of such
compounds with NCYM are required to deepen our understanding of the
molecular mechanism of NCYM function and eventually to develop anticancer
drugs against NCYM. In this study, the DNA aptamer that specifically binds to
NCYM and enhances interaction between NCYM and GSK3p were identified for
the first time using systematic evolution of ligands by exponential enrichment
(SELEX). The structural properties of the complex of the aptamer and NCYM were
investigated using atomic force microscopy (AFM) in combination with
truncation and mutation of DNA sequence, pointing to the regions on the
aptamer required for NCYM binding. Further analysis was carried out by small-
angle X-ray scattering (SAXS). Structural modeling based on SAXS data revealed
that when isolated, NCYM shows high flexibility, though not as a random caoil,
while the DNA aptamer exists as a dimer in solution. In the complex state, models
in which NCYM was bound to a region close to an edge of the aptamer
reproduced the SAXS data. Therefore, using a combination of SELEX, AFM, and
SAXS, the present study revealed the structural properties of NCYM in its
functionally active form, thus providing useful information for the possible
future design of novel anti-cancer drugs targeting NCYM.

KEYWORDS

de novo protein, NCYM, DNA aptamer, solution structure, AFM, SAXS

o1 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2023.1213678/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1213678/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1213678/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1213678/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1213678/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1213678/full
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2023.1213678&domain=pdf&date_stamp=2023-11-23
mailto:ysuenaga@chiba-cc.jp
mailto:matsuo.tatsuhito@qst.go.jp
https://doi.org/10.3389/fonc.2023.1213678
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2023.1213678
https://www.frontiersin.org/journals/oncology

Yamamoto et al.

1 Introduction

NCYM, a cis-antisense gene of MYCN, encodes a Homininae-
specific oncoprotein (1, 2). In human neuroblastomas, NCYM is
always co-amplified with MYCN, and its expression level is
associated with poor prognosis (1). NCYM stabilizes MYCN via
inhibition of GSK3[, whereas MYCN stimulates both MYCN and
NCYM transcription (1). This feedback loop contributes to the
maintenance of high levels of both MYCN and NCYM expressions
in MYCN-amplified neuroblastomas (1, 2). NCYM enhances the
metastasis of neuroblastomas (1) possibly via inhibition of
apoptotic cell death (1, 3, 4) and/or regulation of stemness (5, 6).
Furthermore, NCYM has been shown to be associated with
progression of adult cancers (2, 7). Therefore, NCYM is a
promising target protein for anti-cancer therapy. However, the
difficulty in determining its structure hinders drug design (8).

NCYM is a newly evolved coding gene that originated from MYCN
promoter region during the evolution of the Homininae (1, 2). New
genes originating from non-genic regions are known as de novo gene
birth (9-11), and NCYM is the first de novo gene product
experimentally shown to have oncogenic functions. Owing to their de
novo emergence, de novo proteins show no homology to known genes
and do not have any domains or motifs. The amino acid sequence of de
novo proteins is similar to a random sequence (12), although a recent
report identified the difference between de novo proteins and unevolved
random-sequence counterparts in that de novo proteins exhibit
moderately higher solubility in cells (13). Four de novo proteins have
been structurally characterized to date: Bsc4 (14), NCYM (8), Goddard
(15), and AFGP8 (16); however, mainly because of their highly
disordered nature, none of the complete structures have been
determined. Upon binding to the ice surface, the local structure of
the antifreeze glycoprotein AFGP8 make a transition from a disordered
to an ordered state (16), indicating the possibility of significant ordering
of de novo proteins via complex formation with binding partners.
Consistent with an earlier prediction that NCYM binds to DNA (17),
we have previously found that benzonase treatment significantly
improves the solubility of NCYM (8). These observations led us to
identify DNA aptamers that bind specifically to NCYM and to consider
that analysis of the complex of NCYM and DNA aptamers may
contribute to the characterization of the structural dynamics of NCYM.

Here, three types of DNA aptamers were identified by
systematic evolution of ligands by exponential enrichment
(SELEX) and their interactions with NCYM were characterized by
atomic force microscopy (AFM). Moreover, the structure of the
NCYM-DNA complex of a representative DNA aptamer (named
“No. 17), which enhances interaction between NCYM and GSK3,
was analyzed using small-angle X-ray scattering (SAXS).

2 Materials and methods
2.1 Aptamer selection procedure
SELEX was performed as previously reported with some

modifications (18, 19). DynabeadsTM MyOneTM Carboxylic Acid
(CA) magnetic beads (Invitrogen, Waltham, MA) were used for
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NCYM solidification to segregate NCYM-binding DNA molecules
from the non-binding molecules. The target beads were prepared by
an amine coupling reaction using 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC;
Thermo Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions and washed with the selection buffer
[SB; 40 mM HEPES (pH 7.5), 125 mM NaCl, 5 mM KCl, 1 mM
MgCl,, and 0.01% Tween 20]. Briefly, the CA magnetic beads were
washed twice with 500 pl of 100 mM 2-Morpholinoethanesulfonic
acid mono hydrate (MES) buffer at pH 6.0. After added 50 pl of 100
mM MES buffer and 50 pl of EDC, and the mixture was incubated
for 30 minutes at room temperature. The mixture was then mixed
with 200 pg of NCYM in 100 mM MES buffer and incubated over
night at room temperature to react with the amino group of NCYM
and the carboxylic acid of the CA magnetic beads. Next, they were
washed twice with 500 pl of PBST (0.1% Tween20 in phosphate
buffered saline, PBS) and 500 ul of PBST-BSA (0.1% bovine serum
albumin in PBST) was added. Before using the target beads, they
were washed twice with 1 ml of SB.

An initial single-stranded DNA (ssDNA) pool, 5'-
GGAATGTGGTCCCTCGCAATAAATC-(N30)-
GAAATGAGCCCTTTGACCCTGTAC-3’, containing 30 random
nucleotides between forward (Fw) and revers (Rv) primer region
was purchased from Integrated DNA Technologies (Tokyo, Japan).
The selection of aptamers was performed starting from 4.5 nmol of
DNAs (~10" molecules) in 100 pl of SB. The pool was mixed for 15
minutes with 250 pg of target beads at 25°C. The beads were then
washed with SB, and the bound ssDNA was eluted with 7 M urea.
After recovery of the eluted ssDNA using Rv primer beads,
polymerase chain reaction (PCR) was performed with KOD Dash
DNA polymerase (Toyobo, Osaka, Japan), a forward (Fw) primer
(5-GGAATGTGGTCCCTCGCAATAAATC-3’) and a reverse (Rv)
primer (5-GTACAGGGTCAAAGGGCTCATTTC-3’) with
modification by the 5’-biotin. Next, the amplified double stranded
DNA (dsDNA) was bound to MyOne SA C1 magnetic beads, and
the Fw chain (ssDNA) was eluted with 0.02M NaOH. The ssDNA
was used for the next round.

After eight rounds of selection, the frequency of ssDNA
sequences was determined by next-generation sequencing (NGS)
from rounds 3 to 8 of SELEX using a MiniSeq System (Illumina, San
Diego, CA, USA). Sequencing data were preprocessed by using the
program of PRINSEQ++ (20) and adopted above 99.9% of the base
calling accuracy (Q score of 30 and above).

2.2 Bio-layer interferometry

All the Bio-Layer Interferometry (BLI) measurements were
performed at 25°C using an Octet® RED96e system (Sartorius
AG, Goettingen, Germany). All the samples were placed in a 96 well
microplate and the sample volume was 200 pl/well. The microplate
was shaked at 1,000 rpm during the measurement. As a ligand, each
aptamer with 5’-biotin modification was immobilized on an Octet®
SA biosensor chip (Sartorius). For kinetics analysis, different
concentrations of NCYM (25-400nM) were used. The dissociation
constants between the aptamer and NCYM were calculated using a
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simple 1:1 biomolecular interaction model according to the
manufacturer’s instructions.

2.3 Construction of DNA frame
structures and introduction of
aptamers for AFM imaging

To gain insights into the mechanism of interactions between
NCYM and the aptamers obtained by SELEX, NCYM-aptamer
binding was studied at the single molecule level using AFM.
Scaffolds prepared using the DNA origami method were used for
this purpose. The DNA origami method allows the creation of
structures of any shape and the introduction of functional molecules
anywhere in the structure. Therefore, single-molecule observation
using DNA origami structures is suitable for evaluating
biomolecules and has been used to observe various molecules
(21-29). In this study, we used a DNA frame structure (21). The
DNA frame contains a space inside, and dsDNA can be introduced
into any sequence.

DNA frames were prepared as previously described (21). A
solution containing 10 nM M13mp18 ssDNA (tilibit nanosystems
GmbH, Germany), 25 nM staples (2.5 eq), 20 mM Tris-HCl (pH
7.4), 10 mM MgCl,, ImM EDTA was prepared and annealed at a
rate of -1°C per minute from 85°C to 15°C.

Aptamers and DNA oligos for the DNA frame were purchased
from Eurofins Genomics K.K. (Tokyo, Japan) and used without
further purification. In this study, three types of aptamers, which
showed high affinity among the aptamers obtained by SELEX, were
employed, and the sequences of which for AFM observation are
as follows:

No. I: 5-GGAATGTGGTCCCTCGCAATAAATCTATGTA
CGTTATTCCCCTTTGACC

AATGCTGAAATGAGCCCTTTGACCCTGTAC
TTTTTTTCCAGCGGGACTAGCGCGTTGCTC
CTCACT-¥

No. 2: 5-GGAATGTGGTCCCTCGCAATAAATC
GGGGAGGGAGGGTGGGGGCGGT

GGGAGGTGGAAATGAGCCCTTTGACCCTGTAC
TTTTTTTCCAGCGGGACTAGCGCGTTGCTCCT
CACT-3

No. 3: 5-GGAATGTGGTCCCTCGCAATAAATCGGGCG
TTGTGGAGGGGGCGGTG

GGTGGGGGGAAATGAGCCCTTTGA
CCCTGTACTTTTTTTCCAGCGGG
ACTAGCGCGTTGCTCCTCACT-3

All aptamers had a dsDNA complement sequence (underlined)
added via a TTTT sequence (bold) at the 3’ end for introduction
into the DNA frame.

The secondary structures of the aptamers were predicted using
RNAfold [http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/
RNAfold.cgi]. We used the default settings: minimum free energy
(MFE) and partition function, yes; avoid isolated base pairs, yes;
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incorporate G-Quadruplex formation into the structure prediction
algorithm, yes; dangling end options, dangling energies on both
sides of a helix in any case; energy parameters, DNA parameters
(Mathews model, 2004) at 25 or 38°C with a salt concentration
of 1.021M.

The resultant dsDNAs were incorporated into the frame
structures described above and observed in the presence of
NCYM (Figure S1), which was purified according to a previous
method (1).

2.4 Truncation and mutation of the DNA
aptamer No. 1

To identify where the aptamers interact with NCYM, we
prepared three analogs (short 1, short 2, and short 3) of the No. 1
aptamer based on the secondary structure prediction by RNAfold.
The sequences used are as follows:

short 1: 5°-TGGTCCCTCGCAATAAATCTATGTA
CGTTATTCCCCTTTGACCAATGC

TGAAATGAGCTTTTTITTCCAGCGGGACTAGCG
CGTTGCTCCTCACT-3

short 2: 5>-GGAATGTGGTCCCTCGCAATAAA
TCTATGTACGTTATTCCCCTTTGAC

CAATGCCCTTTGACCCTGTACTTTT
TTTCCAGCGGGACTAGCGCGTTGCTCCTCACT-3’

short 3: 5>-GGAATGTGGTCCCTCGCATCCCC
TTTGACCAATGCTGAAATGAGCCCT

TTGACCCTGTACTTTTTTTCCAGCGGGAC
TAGCGCGTTGCTCCTCACT-3

short 1, short 2, and short 3 lack the 5 end and 3’ end side
(named “5°-3’-end” herein), the 3’ end stem loop, and the central
stem loop of the No. 1 aptamer, respectively.

In addition, mutations were introduced into aptamer No.l
without changing its secondary structure. The following
sequences are mutants of aptamer No.l, and italic font indicates
the introduced mutations.

No.l mut 1 5-GGAATGTGGTCCCTCGC
CGCGCATCTATGTACGGCGCGCCCCTTTGACCAAT
GCTGAAATGAGCCCTTTGACCCTGT

ACTTTTTTTCCAGCGGGACTAGCGCGTTGCTCCTCACT-
3

No.l mut 2 5-GGAATGTGGTCCCTCGCAATAAATCTATG
TACGTTATTCCCCCCGGACCAATGCTGAA
ATGAGCCCTTTGACCCTGTACTTTTTTTCCAGCGGGA
CTAGCGCGTTGCTCCTCACT-3’

No.l mut 3 5-GGAATGTGGTCCCTCGCAATAAATCTATGT
ACGTTATTCCCCTTTGACCAATGCTGAAAT
GAGCCCGCGGACCCTGTACTTTTTTTCCAGCGGGAC
TAGCGCGTTGCTCCTCACT-3’
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No.l mut 123 5-GGAATGTGGTCCCTCGCCGCGC
ATCTATGTACGGCGCGCCCCCCGGACCAATGCTGAAA
TGAGCCCGCGGACCCTGTACTTTTTTTCCAGCGGGAC
TAGCGCGTTGCTCCTCACT-3

2.5 AFM imaging

The AFM images were acquired using an AFM system
(NanoWizard UltraSpeed, JPK) equipped with a silicon nitride
cantilever (Olympus, BL-AC40TS). In all the measurements,
NCYM (100 nM) 10eq was added to the adjusted frame
structures having aptamer (10 nM) and incubated at 25°C for 2h.
Samples were then double-diluted in annealing buffer (20 mM Tris-
HCI (pH 7.4), 10 mM MgCl,, ImM EDTA), adsorbed onto fresh
mica plates for 10 minutes at room temperature, and washed three
times with the annealing buffer. The observations were performed
using the same buffer.

2.6 Immunoprecipitation

20 pl of DynabeadsTM protein G (Thermo Fisher Scientific)
slurry was transfered to a clean tube. The tube was placed in a
magnetic separation rack for 10-15 seconds, then, the buffer was
carefully removed. 2 pg of anti-GSK3B (BD Transduction
Laboratories) or mouse IgG (Cell Signaling Technology, Danvers,
MA) was dissolved in 200 ul of PBS (0.02% Tween 20) and the
solution was added to the beads. The slurry was incubated with
rotation at room temperature for 10 minutes. The beads were
pelleted using a magnetic separation rack and washed three times
with 200 ul of PBS, then resuspended in 100 pl of PBS. 0.17ug (3.7
pmol) of purified GSK3f (Signal Chem, Richmond, Canada),
0.044g (3.7 pmol) of NCYM (1) and DNA aptamers (leq (3.7
pmol) or 5 eq (18.5 pmol)) were dissolved in 500ul of ice-cold PBS
and incubated with rotation at 4°C for 2h. A 100 ul suspension of
antibody-conjugated beads was added and incubated for 2h. The
beads were pelleted using a magnetic separation rack and washed
five times with 1 ml of PBS. The pellet was resuspended in 20 ul of
1X sample buffer and heated at 95°C for 5min.The beads were
pelleted using a magnetic separation rack and the supernatant was
subjected to the Abby analysis.

2.7 Abby analysis

The NCYM and GSK3p protein levels were measured using a
capillary electrophoretic-based immunoassay (the Abby
instrument; ProteinSimple, San Jose, CA, USA), according to the
manufacturer’s protocol. Briefly, the samples were combined with
0.1x sample diluent buffer and 5x fluorescent master mix
denaturing buffer to acquire 0.8 pg/ul loading concentration.
Subsequently, the samples were denatured for 5 min at 95 °C. The
primary antibodies used in this study were anti-NCYM (1) and
anti-GSK3[B (#9315, Cell Signaling Technology, Danvers, MA,
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USA). The Abby measurements were performed using a 12-
230 kDa separation module with 25-min separation at 375 V, 10-
min blocking, 30-min primary antibody incubation, and 30-min
secondary antibody incubation (DM-001, ProteinSimple, San Jose,
CA, USA). At the end of the run, the chemiluminescent signal was
displayed as a virtual blot-like image and an electropherogram
based on the molecular weight using Compass (ProteinSimple, San
Jose, CA, USA).

2.8 Sample preparation for
SAXS measurements

The expression and purification procedures for NCYM were
modified from those described previously (8). Recombinant NCYM
with glutathione S-transferase (GST) at the N-terminus was
expressed in Escherichia coli BL21 (DE3) cells using the pGEX-
6p-1 vector. The cells were cultured in Luria broth medium
containing 0.1 mg/ml ampicillin at 30°C. When ODygg, reached
0.6, protein expression was induced by 0.1 mM of isopropyl-3-D-
thiogalactopyranoside, and culture was continued for 6 h at 30°C.
The cells were harvested by centrifugation (3,890xg, 15 min, 4°C),
and then stored at —30°C until purification.

The frozen cell pellets were thawed and resuspended in
phosphate-buffered saline (PBS) supplemented with cOmplete
EDTA-free Protease Inhibitor Cocktail (11873580001, Roche,
Basel, Switzerland) and lysed by repeated sonication in ice water.
The cell lysate was centrifuged at 20,000xg, 4°C for 20 min, then the
supernatant was loaded onto GSTrap FF column (17513102, Cytiva,
Marlborough, MA, USA) equilibrated with PBS, using a peristaltic
pump. After washing out the unbound materials with PBS, GST-
tagged NCYM (GST-NCYM) was eluted with an elution buffer (50
mM Tris-HCl and 10 mM reduced glutathione, pH 8.0). The flow-
through was reloaded onto the re-equilibrated column, and the
eluate was collected once more to increase the final protein yield.

The eluted GST-NCYM solution was dialyzed against a buffer
containing 50 mM Tris-HCIl, 100 mM NaCl, and 1 mM EDTA at
pH 8.0. After adding dithiothreitol to the protein solution at a final
concentration of 1 mM, the GST-tag was cleaved with 50 U/L-
culture of PreScission Protease (27084301, Cytiva) for over 18 h at
4°C with gentle stirring. To exhaustively degrade the remaining
nucleic acids, 6,000 U/L-culture of benzonase (71205-3CN/70746-
3CN, Merck, Darmstadt, Germany) was added to the cleaved
sample along with MgCl, at a final concentration of 2 mM (Mg**
is required for the activation of benzonase), after which the sample
was dialyzed against IEX buffer (20 mM MOPS (pH 7.0) and 1 mM
DTT) with 2 mM MgCl,.

The dialyzed sample was loaded onto a HiTrap SP HP column
(17115201, Cytiva) equilibrated with IEX buffer, and eluted using a
linear gradient of NaCl (0-650 mM). The fractions containing high-
purity NCYM, as confirmed by SDS-PAGE, were collected and used
for SAXS measurements. The GST-tag did not bind to the column
and was detected in the flow-through. The final NCYM yield was
1.25 mg/L-culture, which was estimated with the molecular
absorption coefficient of 280 nm €,5,>'* = 0.558.
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The purified NCYM was dialyzed against a buffer containing 10
mM Tris-HCl (pH8.0), 50 mM NaCl, and 5 mM DTT. Powdered
DNA aptamers (No. 1) were dissolved directly in the same buffer.
Samples of the NCYM-DNA complex were prepared by mixing these
two kinds of solutions at the appropriate molar ratios (see below).
These solutions were used for the following SAXS measurements.

2.9 SAXS experiment

SAXS measurements were carried out at BL40B2 in SPring-8
(Hyogo, Japan) on solution samples of NCYM (1.4 and 2.8 mg/ml),
the DNA aptamer (1.6 and 5.0 mg/ml), and the NCYM-DNA
complex. For the measurements of the complex, two kinds of
samples, where the molar ratio of NCYM and DNA was 1:1.2 or
1:1.5 (Table 1), were used to extract the scattering curve of the
complex by changing the relative contribution of the unbound
DNA aptamers. The wavelength (A) of the incident X-ray was 1.0 A
and the temperature was 293 K with the sample-to-detector
distance of 2.2 m. A pixel detector (PILATUS3S 2 M, Dectris)
was used to record the scattering patterns.

Data reduction was conducted using the software SAngler (30):
The recorded two-dimensional SAXS patterns were circularly averaged
to obtain one-dimensional scattering curves, corrected by the incident
flux measured with an ion chamber placed upstream of the samples.
The net scattering curves of the scattering particles were obtained by
subtracting the scattering curves of the buffer from those of the samples
with an appropriate scaling factor based on the scattering particle
concentration and the partial specific volumes of proteins (0.73 cm*/g)
or of DNA (0.53 cm’/g) (31). Finally, the scattering curves were
normalized to the absolute scale using H,O as the standard (32) to
estimate the molecular weight of the scattering particles.

Guinier analysis was employed to evaluate the radius of
gyration (R;) of the scattering particle from its scattering curve. A
scattering curve I1(Q), where Q (=4msin®/A, where 20 is the
scattering angle) denotes the momentum transfer, is represented
as follows in a good approximation in the so-called Guinier region

(Q-R, < 1.3) (33):

1(Q) = 1(0)exp (—éRﬁQz) ),

where I(0) [cm™'] denotes the forward scattering intensity, from
which the molecular weight (MW) of the scattering particle is

TABLE 1 Information on the measured samples of the NCYM-DNA
complex.

NCYM
concentration
in the sample
[mg/ml]

DNA
concentration
in the sample
[mg/ml]

Molar ratio
(NCYM : DNA) in
the sample
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estimated from the following equation in kDa (32):

1
MW = 1500 x I(O)Z (2),

where c is the weight concentration [g/1].

For rod-like particles such as the DNA aptamer and the NCYM-
DNA complex, cross-sectional Guinier analysis was applied to
evaluate their cross-sectional radii of gyration (R.). In this case, I
(Q) is approximated as:

Q- Q) = L.(0)exp <—%R§Q2) @),

where I.(0) denotes the forward scattering intensity of the cross-
section of the scattering particle. Application of Eq. 2 with I1.(0)
instead of I(0) yields the scattering mass per unit length.

The scattering curves taken at the lower particle concentrations
were merged with those at the higher concentrations at Q = 0.1 A~
and the resultant curves were used for structural modeling. IGOR
Pro software (WaveMetrics, Lake Oswego, OR, USA) was used for
(cross-sectional) Guinier analyses and for processing the
scattering curves.

2.10 Structural modeling using
the ab initio method

Human NCYM comprises109 residues. Because NCYM was
expressed with a GST-tag at its N-terminus in this study, eight
residues were added to the 109 residues even after cutting the tag.
For structural modeling, the program GASBOR (34) was employed,
where each residue is represented by a sphere with a constant
electron density. The obtained model thus consists of 117 spheres.
In this study, the GASBOR runs were repeated 10 times (i.e., 10
best-fit models were obtained). For the modeling of the DNA
aptamer, DAMMIF (35) was used, where a molecule is
represented by an ensemble of spheres called dummy atoms. The
input files required for DAMMIF were generated using AUTORG
and DATGNOM (36). The maximum Q value (Q,,.,) used for
structural modeling was automatically determined using
DATGNOM (QpaxRg < 7-8). The DAMMIF runs were repeated
10 times and the resultant 10 models were averaged, followed by
filtration using DAMAVER (37). Structural modeling of the
NCYM-DNA complex was carried out using the program
MONSA (38), where each of the two phases is represented by a
dummy atom model while each phase is assigned a designated
electron density value. As an input file of MONSA, the following
information is required: The values of the electron density of
NCYM and the DNA aptamer were set to be 0.09 e/A* and 0.21
e/A%, respectively, which are typical of these types of molecules (39).
The volume fractions of NCYM and the DNA aptamer were
obtained from the volumes obtained using GASBOR and
DAMMIF, respectively. Using these parameters, the MONSA
runs were repeated 10 times. In all of the programs above, the
best-fit model, the scattering curve of which reproduces the
experimental curve well, is determined by simulated annealing.
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2.11 Scattering curve of the
NCYM-DNA complex

The scattering curves of the NCYM-DNA complex recorded at
1:1.2 and 1:1.5 molar ratios were found to be superimposable
despite the existence of different amounts of unbound DNA
aptamers (Figure S2). However, as described in the Results
section, NCYM molecules and the DNA aptamers exist as
monomers and dimers, respectively, in solution so that the molar
ratios of NCYM and the dimeric DNA aptamer in the above
samples are 1:0.6 and 1:0.75, respectively, which result in the
molar ratios of the complex and the excess amount of NCYM of
0.6:0.4 and 0.75:0.25 assuming that one NCYM monomer binds to a
DNA dimer. Because the scattering intensity is proportional to the
square of the product of the scattering contrast of a particle and its
volume, the scattering contributions of excess NCYM molecules
were calculated to be 0.8% and 0.4% for the 0.6:0.4 and 0.75:0.25
samples, respectively. In this estimation, the scattering contrasts of
NCYM and DNA were set to be 0.09 ¢/A®> and 0.21 e/A’ as
described above, and the volumes of a NCYM monomer and a
DNA dimer were assumed to be 17000 A* and 68000 A® as obtained
by GASBOR and DAMMIF. Thus, it appears that the scattering
contribution of free NCYM monomers is negligible, which explains
why the scattering curves obtained at NCYM : DNA = 1:1.2 and
1:1.5 are similar to each other within errors. This observation also
excluded the possibility that the complex consists of one NCYM
monomer and one monomeric DNA aptamer. Based on the above
inspection, the curves obtained from the above samples reflect those
of the NCYM-DNA complex. The scattering curves taken at NCYM
: DNA = 1:1.2 and 1:1.5 were, therefore, averaged to improve the
signal-to-noise ratio and the resultant curve was employed as the
scattering curve of the NCYM-DNA complex.

3 Results
3.1 Aptamer selection by SELEX

To identify DNA aptamers that specifically bind to NCYM, we
performed SELEX and employed NGS technology to monitor the
progress of the enrichment sequences that bind to the target in the
selection pool. We performed the NGS analysis using an Illumina
MiniSeq for the NCYM aptamer selection pools from rounds 3 to 8
to identify the aptamer candidates. The ratio of unique DNA
sequences in the selection pool per round showed that DNA
sequences were enriched in round 6 (Figure 1A). No. 1 aptamer
candidate, which was the most abundant population in round 8, was
quickly enriched from round 6 compared to the other DNA
sequences. Guanine contents in the selection pools were increased
slightly in round 8 (Table SI). BLI measurements and kinetic
analyses showed that top three aptamers strongly bind to NCYM
protein at Kp value in the range of 53.9 to 299 nM (Table S2);
however, the aptamer No. 2 and 3 were predicted to form different
secondary structure at 38°C, showing low structural stability at
relatively high temperature compared to aptamer No.1 (Figure 1B
and Figure S3).
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3.2 AFM observation on the NCYM-DNA
aptamer complexes

3.2.1 DNA aptamers obtained by SELEX
(No. 1, 2, and 3)

To visualize the interaction between NCYM and DNA at the
molecular level, we used AFM observation of the aptamer-
conjugated DNA frames with or without NCYM (Figure 2).
Because the aptamer has a large single-stranded region and is not
completely fixed, only dsDNA can be seen. After adding NCYM,
white dots were observed on the dsDNA (Figure 2B). The numbers
of DNA frames with and without these white dots were counted to
assess the affinity of the aptamer for NCYM (Figure 2B). Binding of
NCYM to the No. 1 aptamer was observed in 14.5% of the DNA
frames (84/580 frames). Binding was also observed for the No. 2 and
No. 3 aptamers at 12.0% (80/664 frames) and 14.6% (41/280
frames), respectively. The slightly lower affinity of No. 2
compared to No.l and No.3 is consistent with the KD value
evaluated by BLI measurements.

3.2.2 Truncated and mutated DNA aptamers

Because of the relatively higher stability of the secondary
structures of the No.l aptamer (Figure S2), we focused on
aptamer No.l and further analyzed the regions required for
NCYM binding. As shown in Figure 3A, the AFM results
revealed a decrease in the number of bonds in short 1 (9.4%, 70/
742 frames) and short 2 (5.3%, 75/1425 frames), whereas there was
no change in the number of bonds in short 3 (14.2%, 173/1222
frames). Because aptamers No. 2 and No. 3 exhibited GC-rich
sequences (Figure 1B), we introduced mutations in the No. 1
aptamer with increasing GC content without affecting the
secondary structure, and we found that the mutations at TTT in
the central loop showed a significant decrease in the affinity of
aptamer No.l to NCYM (Figure 3B). These results suggest that the
5’-3’-end, the 3’ end stem loop, and TTT in the central loop of the
No.1 aptamer are required for binding to NCYM.

3.3 The effect of DNA aptamer No. 1 on
the interaction between NCYM and GSK3f3

To clarify the effect of DNA aptamer No.1 on NCYM function,
we examined NCYM binding to GSK3f with or without the aptamer.
As reported (1), purified NCYM was co-immunoprecipitated with
GSK3 (Figure 4A). Addition of aptamer No.l enhanced the
interaction between NCYM and GSK3p in dose-dependent manner
(Figure 4B). This result led us to analyze the NCYM-aptamer No.1
complex because the aptamer may help NCYM to adopt a
conformation that facilitates binding to GSK3p.

3.4 SAXS results

3.4.1 Guinier analysis and Kratky plot
To elucidate their structural properties, we employed SAXS
analysis to reveal the approximate structures of the complexes in
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No.l 5’-GGAATGTGGTCCCTCGCAATAAATCTATGTACGTTATTCCCCTTT

No.2 5’ GGAATGTGGTCCCTCGCAATAAATC

No.3 5’-GGAATGTGGTCCCTCGCAATAAATCGGGCGTTGT

CAATGCTGAA CCTTT ‘CCTGTAC-3’
Al CCTTTH 'CCTGTAC-3’
2 CCTTT CCTGTAC-3’

No.1

FIGURE 1

No.3

Identification of NCYM-bound aptamers. (A) Ratio of the enriched ssDNA sequence in the selection pool per round. Each dot represents the ratio of
the enriched ssDNA sequences more than 0.001. The lines indicate the same ssDNA sequence between rounds. Top 3 enrichment sequences at
round 8 were evaluated for the further structural analysis and named No. 1, No. 2, and No. 3. (B) Secondary structure prediction of NCYM-bound

aptamer by RNAfold at 25°C. Primer sequences are colored in gray

solution. Figure 5A shows the results of the Guinier analysis. The
radii of gyration (Rg) were estimated to be 25.2 + 0.7 A, 46.0 + 0.3 A,
and 44.8 + 0.2 A, for NCYM, the DNA aptamer No. 1, and the
NCYM-DNA complex, respectively. The molecular weights of
NCYM and the DNA aptamer were estimated to be 7.2, and 54.5
kDa, respectively, indicating that NCYM molecules exist as a
monomer in solution whereas DNA aptamers are dimers because
the molecular weights of NCYM and the DNA aptamer were 12
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kDa, 24.2 kDa, respectively. Although the molecular weight of the
complex was estimated to be 46.8 kDa, because the true
concentration of the complexes in the sample is not known due
to the existence of a small amount of excess NCYM molecules, this
value should be interpreted with caution. Scattering curves other
than NCYM were found to follow the cross-sectional Guinier
approximation, suggesting that the DNA aptamer and the
complex adopt a rod-like shape. Figure 5B shows the results of
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A
Self-assembly
;,..
¥ dsDNA with NCYM aptamer
B No.1 No.2 No.3  Random
occupied 84/580 80/664 41/280 17/618
rate 14.5% 12.0% 14.6% 2.8%

FIGURE 2

Secondary structure prediction model for aptamers and evaluation using DNA origami. (A) Design of DNA frame with NCYM aptamer and its AFM
image. The open cyan triangles show the orientation marker. (B) Examples of AFM images of NCYM-aptamer No.1 complexes on DNA frames (left)
and evaluation of the affinity between aptamers obtained by SELEX and NCYM (right). In the "Occupied” row, the numerator and the denominator
represent the number of NCYM bound to the aptamers and the total number of aptamers, respectively. The “rate” row denotes the number fraction
of NCYM bound to the aptamers calculated from the corresponding value in the “occupied” row.

the cross-sectional Guinier analysis, from which the cross-sectional
radii of gyration (R.) were estimated to be 12.2 + 0.4 A and 12.5
0.2 A for the DNA aptamer and the complex, respectively. This
suggests that the overall size of the cross-section is similar between
the DNA aptamer and the complex. Both the Guinier analysis and
the cross-sectional Guinier analysis can be applied to the current
samples because of their relatively short entire length, whereas in
many cases, fibrillar proteins are quite long (even on the order of
pum) and only the cross-sectional Guinier analysis can be applied
(40, 41).

Several plots were used to investigate the structural properties of
NCYM, as shown in Figure 5C. The Kratky plot (Q* 1(Q) vs Q) (42)
shows that the Q?-1(Q) value reaches a peak at around Q = 0.1 [A 1
and decreases slightly, followed by the increase, suggesting that
NCYM is not a completely unfolded protein, but a partially folded
protein. This interpretation is further supported by the Q3 plot
(Q*-1(Q) vs Q%), where the Q*-1(Q) value reaches a plateau, which
is a hallmark of partially folded proteins (43). In contrast, no
plateau was observed in the Porod-Debye plot (43), suggesting
that NCYM is not a well-folded protein. These results show that
NCYM adopts a highly flexible conformation, though it is not a
completely unfolded protein, but a partially folded protein. This is
in agreement with a previous study showing that NCYM molecules
contain defined secondary structures in solution (8).

3.4.2 Solution structure of NCYM, the DNA
aptamer, and the NCYM-DNA complex

The results of the structural modeling of NCYM, the DNA
aptamer No. 1, and the NCYM-DNA complex are summarized in
Figure 6. Figure 6A compares the experimental SAXS curves with
those calculated using the best-fit model obtained for each of the
three samples. The > values, which are averaged over 10 models
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obtained, were 1.17, 1.37, and 1.85, for NCYM, the DNA aptamer,
and the complex, respectively. As shown in Figure 6A, the obtained
models provide excellent fits to the measured SAXS curves.

As shown in Figure 6B, NCYM was found to have a slightly
extended structure in which the bulky and flexible parts are mixed.
It is not a completely unfolded protein such as a random coil, as
expected from the panels in Figure 5C and our previous study on
the secondary structure of NCYM (8). Although the assignment of
the secondary structure to the three-dimensional structures of the
current NCYM models is not possible at this stage, future structural
modeling using SAXS curves with higher Q values would be useful
for this purpose (44). The volume of the NCYM models was ~17000
A®. Regarding the DNA aptamer, a structure with a volume of
~68000 A3, in which four to five bulky nodes were connected, was
found to reproduce the measured SAXS curve, as shown in
Figure 6C. Because the aptamers exist as dimers, as evidenced by
the molecular weight estimation as described above, a monomeric
DNA aptamer corresponds to two or three nodes in this model. The
structural features of the DNA model with some nodes here are
consistent with those predicted using RNAfold (Figure 1B). Two
representative models of the NCYM-DNA complex are shown in
Figure 6D. In both cases, the volumes of the NCYM molecule and of
the DNA aptamer in the complex were ~19000 A® and ~63000 A2,
which are roughly the same as those obtained when these molecules
are in isolation. The volume of the complex (~82000 A% was
essentially the same as the sum of the volumes of NCYM and
DNA in isolation (~85000 A®) within 4% accuracy. It thus follows
that the NCYM-DNA complex consists of one NCYM molecule and
two DNA aptamers (a dimer). NCYM tends to bind either to or
close to a tip of a dimeric DNA aptamer. The slight differences
(~10%) in the volumes of each component between in isolation and
in the complex may imply that some intramolecular structural
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A
No.1l 5’ -GGAATGTGGTCCCTCGCAATAAATCTATGTACGTTATTCCCCTTT CAATGCTGAAATGAGCCCTTTGACCCTGTAC-3"’
No.l shortl 5’ TGGTCCCTCGCAATAAATCTATGTACGTTATTCCCCTTTGACCAATGCTGAAATGAGC =37
No.l short2 5’ -GGAATGTGGTCCCTCGCAATAAATC! CGTTATTCCCCTTT CAATG CCCTTTGACCCTGTAC-3’
No.l short3 5’ -GGAATGTGGTCCCTCGCA TCCCCTTTGACCAATGCTGAAATGAGCCCTTTGACCCTGTAC-3/
No.1 No.1 short 1 No.1short2  No.1 short 3
No. 1 No.1 short 1 No.1 short 2 No.1 short 3
OCCUpied 84/580 70/742 75/1425 173/1222
rate 14.5% 9.4% 5.3% 14.2%
B

mutl

1
1

No.l mut2
1 mut3
1

57 -GGAATGTGGTCCCTCGCAATARATCTATGTACGTTATTCCCCTTTGACCAATGCTGAAATGAGCCCTTTGACCCTGTAC 3
5/ -GGAATGTGGTCCCTCGEGEGEATC TATGTACGEEEEECCCCTTTGACCAATGCTGAAATGAGCCCTTTGACCCTGTAC3”
5’ ~GGAATGTGGTCCCTCGCAATAAATCTATGTACGTTATTCCCCEEEGACCAATGCTGARATGAGCCCTTTGACCCTGTAC3/

5’ ~-GGAATGTGGTCCCTCGCAATAAATCTATGTAC

TATTCCCCTTT

CAATGCTGAAATGAGCCCEEEGACCCTGTAC3

mut123 5’ -GGAATGTGGTCCCTCGOCGEGEATCTATGTACAEEEEECCCBBGGACCAATGCTGARATGAGCCCEEGGACCCTGTAC3

No.1 mut3 No.1 mut123
No. 1 No.1 mut1 No.1 mut2 No.1 mut3 No.1 mut123
occupied 84/580 131/855 29/729 61/416 24/429
rate 14.5% 15.3% 4.0% 14.7% 5.6%

FIGURE 3

Evaluation of the affinity between truncated or mutated aptamers and NCYM. (A) Truncated No.1 aptamers for identification of NCYM binding site. The
5'-3'-end, the central stem loop, the 3" end stem loop, and the primer region are colored in blue, orange, green, and gray, respectively (upper and
middle). Evaluation of the affinity between the truncated aptamers and NCYM (bottom) (B) Mutated No.1 aptamers for identification of the NCYM binding
site. Mutated sequences are colored in red (upper and middle). Evaluation of the affinity between the mutated aptamers and NCYM (bottom).

changes occur upon binding. A more detailed structure of the
complex can be obtained by small-angle neutron scattering (SANS)
combined with contrast matching or variation (45), which will be
performed in the future. All the 10 models obtained for NCYM, the
DNA aptamer, and the NCYM-DNA complex are shown in Figures
S4-S6, respectively.

Attempts were made to identify other possible conformations of
the complex by changing the volume ratio of each phase in the
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complex and/or assuming a symmetry in the structure, which are
provided as an input file to MONSA. Whereas several models which
fit the SAXS curve of the complex quite well in terms of the x*
values were obtained, in all cases, deviation of the volumes of
NCYM and the DNA aptamer in the complex with regards to those
in the unbound state was much larger (15-20%) than the models
presented in Figure 6. Considering an independent line of evidence
that the volume change of proteins between the folded and the
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Aptamer No.l increased interaction between NCYM and GSK3B. (A) Co-immunoprecipitation of NCYM with GSK3[ detected by Abby analysis.
(B) Aptamer No.1 increased the amount of NCYM co-immunoprecipitated with GSK3p in a dose-dependent manner (0, 1, and 5 eq.).

unfolded states is less than 0.5% (46), the volume change of each
component in the complex should be the smallest. Since in the
models in Figure 6, the volume of each component in the complex is
close to that in the unbound state, and truncation of one edge of a
DNA aptamer breaks down the interaction with NCYM as observed
by AFM, the models presented here appear to be reasonable.

4 Discussion

In this study, we established a new observation system using
aptamers for the single-molecule observation of proteins using
DNA origami. To date, protein studies using DNA origami have
mainly involved single-molecule observations of proteins that bind
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FIGURE 5

Summary of the analysis of the SAXS scattering curves of the NCYM-DNA system. (A) Guinier analysis. The logarithm of the scattering intensity is
shown as a function of Q? for NCYM (cyan), the DNA aptamer No. 1 (magenta), and the NCYM-DNA complex (orange). Upper panels denote the
corresponding residuals between the measured and the fitted values. (B) Cross-sectional Guinier analysis. Instead of In[I(Q)] of the Guinier analysis, In
[Q-1(Q)] is plotted as a function of Q2 from which the cross-sectional radius of gyration is evaluated. (C) The left, middle, and right panels show the

Kratky plot, @3-1(Q) vs Q® plot, and the Porod-Debye plot, respectively, of NCYM.
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Ab initio structural models of NCYM, the DNA aptamer No. 1, and the NCYM-DNA complex. Comparison of the scattering curves between the
experiments and the models of NCYM is shown in the upper panel of (A) The lower panel of (A) shows the comparisons for the DNA aptamer and
the NCYM-DNA complex. Experimental values are shown in grey filled circles and the simulated values from the models are shown in cyan solid
lines. Error bars are within symbols if not shown. Scattering curves are vertically shifted for clarity. (B) Gallery of the NCYM models (arbitrarily chosen
4 models) obtained from GASBOR. Each sphere represents one amino acid residue. (C) A representative dummy atom model of the DNA aptamer
obtained from DAMMIF and DAMAVER ("damfilt.pdb" is shown). (D) Dummy atom models of the NCYM-DNA complex obtained from MONSA. The
moieties corresponding to NCYM and the DNA aptamer are shown in marine blue and in orange, respectively.

directly to DNA or using systems based on ligand or avidin-biotin
binding (21-29, 47-52). However, DNA origami research using
aptamers has mainly focused on functionalizing the DNA origami
using already established aptamers (53-56). Therefore, a system
that uses DNA origami and aptamers to elucidate the structure of
proteins, as in this study, is a new approach that has never been
used. In this study, we have also succeeded in roughly identifying
the binding site of NCYM to the aptamer obtained using the SELEX
method. The method using aptamers can easily fix proteins onto the
DNA origami. Therefore, it is expected to be applied to the
observation of the interaction between a fixed protein and its
target, and to the functional evaluation of proteins for which
single molecule observation has not been performed.

In addition to the AFM observation, further structural
characterization of NCYM and the DNA aptamer No. 1 that
facilitates NCYM binding to GSK3[ was conducted using SAXS.
Regarding the structure of the DNA aptamer, it was found that it
exists as a dimer. This finding is supported by both the molecular
weight estimation from the forward scattering intensity and the
fitting of the corresponding SAXS curve. Although it is not possible
to unambiguously determine the manner in which the two DNA
aptamers form dimers, this can be inferred from the current
findings. There are three types of arrangements for the two DNA
aptamers to form a structure similar to that shown in Figure 6C
(Figures 7A-C).

As shown in Figure 7, there are three types of arrangements for
two DNA aptamers to form a similar form to that shown in
Figure 6C. In the case where the interface between the two
aptamers is formed by the central stem loop of one aptamer and
the 5°-3’-end of the other aptamer (Figure 7A), NCYM is able to
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bind to the 5-3’-end of the upper aptamer. Whereas there is a
possibility that other aptamers bind to either edge of the dimer in
the same manner, dimers might be more stable than higher-order
aggregates as observed for a protein (57) probably due to entropy-
enthalpy compensation. In case where two 5-3’-ends form the
interface of the dimer (Figure 7B), NCYM would not be able to bind
to the aptamer since these regions are required for NCYM binding
as suggested by AFM. If the interface of the dimer is formed by two
central stem loops (Figure 7C), at least two NCYM molecules would
be able to bind to both edges of the dimer, which is inconsistent
with the discussion on the SAXS curve of the complex and our
modeling results. The second NCYM binding may be unfavorable
in terms of entropy. There are thus two possible models on the
mode of dimeric formation of the DNA aptamer (Figures 7A, C). In
addition, the observation that NCYM binds to the dimeric DNA
aptamer (Figure 6) implies that the affinity between NCYM and an
aptamer is lower than that between monomeric aptamers and thus
DNA dimers do not dissociate into two monomeric aptamers in the
current solution condition.

A concern in the current SAXS analysis is that the deviation of
the estimated molecular weight (7.2 kDa) of NCYM from its
theoretical value (11.7 kDa) is relatively large. This raises the
possibility that the DNA aptamers might exist as trimers or
tetramers. The large deviation observed for NCYM is likely to be
caused by the small size of NCYM, thus resulting in relatively large
experimental errors. However, because the scattering intensity is
proportional to the square of the molecular volume, the SAXS curve
of the DNA aptamer, which has a larger molecular weight than
NCYM, has much lower experimental errors than NCYM
(Figure 6A). This results in a more reliable molecular weight
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Schematic illustration of possible ways by which the DNA aptamer No. 1 forms a dimer. An aptamer is shown in either orange or magenta. The
corresponding predicted structure of the aptamer is shown in Figure 1B (left). There are three types of arrangements for two DNA aptamers to take a
form similar to that shown in Figure 6C: (A) The interface between the two aptamers is formed by the central stem loop of one aptamer and the 5'-
3'-end of the other aptamer. (B) Two 5'-3'-ends form the interface of the dimer. (C) The interface of the dimer is formed by two central stem loops.

For a more detailed discussion, please see the main text.

estimation for the DNA aptamer than for NCYM. Furthermore, the
structural modeling of an isolated DNA aptamer presented in this
work does not require any information on the molecular property
including its molecular weight because it is an “ab initio” approach.
From the SAXS-derived models with five bumps (Figure 6) and the
secondary-structure predicted by RNAfold, which has 2-3 bumps
in one aptamer (No. 1 in Figure 1B), it is reasonable to conclude that
the DNA aptamer forms a dimer in solution.

In the dummy atom models of the complex, the moiety
corresponding to NCYM adopted a compact and well-defined
shape whereas NCYM showed flexibility and adoped a slightly
extended conformation in the unbound state. This implies that
highly flexible NCYM molecules fold upon binding to DNA
through the well-known “fly-casting mechanism” (58), in which
an unfolded region(s) of a protein binds weakly to the binding site
at a relatively large distance, followed by folding as the protein
approaches the binding site. As aptamer No.l facilitated the
interaction between NCYM and GSK3p, the compact and well-
defined shape of NCYM found in the complex with aptamer No. 1
appears to be the functional structure of NCYM. Folding upon
binding has been demonstrated for another de novo protein AFGP8
(16). A similar mechanism may also apply to interactions between
NCYM and GSK-3f, underlying the mechanism of stabilization of
these molecules.

One of the most important advantages of AFM observations
with a DNA frame is that the DNA frame is guaranteed to be a
monomeric aptamer, which is a feature not observed in other
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binding assays. This is because dsDNA is bound to an DNA
aptamer (Figure 2A) and thus two dsDNAs should be observed
by AFM if the DNA aptamers form dimers, which is not the case.
Therefore, it is most likely that monomeric aptamers are capable of
binding NCYM and dimer formation of DNA aptamers is not a
prerequisite for binding of NCYM. Since the SAXS data alone did
not show that NCYM could bind to the monomeric form of the
aptamer, AFM, in combination with SAXS, provides important
insights into the structure of the aptamer-NCYM complex.
Identification of DNA aptamers that can specifically bind to
NCYM and facilitate its binding to GSK3 is useful for elucidation of
the structure of NCYM in its active form. Although the aptamer-
NCYM complex described in this study has not yet been tested by X-
ray crystallography, investigation of the structural properties of the
complexes may pave the way for the structural characterization of
NCYM molecules at the atomic level. Therefore, the present study
suggests that the combination of SELEX, AFM, and SAXS is useful for
understanding the structural properties of NCYM and the current
findings will serve as a foundation for the future design of novel anti-
cancer drugs targeting NCYM as well as for elucidating the
stabilization mechanism of other cancer-related proteins by NCYM.
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Since the domestication of dogs 10,000 years ago, they have shared their living
environment with humans and have co-evolved. The breeding process that dogs
have undergone in only a few centuries has led to a significant accumulation of
specific genetic alterations that could induce particular diseases in certain
breeds. These canine diseases are similar to what is found in humans with
several differences; therefore, comparing such diseases occurring in humans
and dogs can help discover novel disease mechanisms, pathways, and causal
genetic factors. Human angiosarcoma (AS) and canine hemangiosarcoma (HSA),
which are sarcomas originating from endothelium, are examples of diseases
shared between humans and dogs. They exhibit similar characteristics and
clinical behaviors, although with some critical differences resulting from
evolution. In this review, we will describe the similarities and differences in
terms of clinical and molecular characteristics between human AS and canine
HSA, and discuss how these similarities and differences can be applied to
advance the treatment of these diseases.

KEYWORDS

angiosarcoma, hemangiosarcoma, cancer heterogeneity, non-conventional animal
model, drug discovery

Introduction

Dogs were domesticated more than 10,000 years ago in southern East Asia (1-4). Since
then, humans and dogs have co-evolved in a shared living environment, exposed to the
same pathological and dietary conditions (5). Dogs have undergone unique evolutionary
changes through selective breeding, resulting in a diverse range of breeds with variations in
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their morphology, physiology, and behavior. However, these
processes have also led to a significant accumulation of genetic
alterations and specific diseases in certain breeds (6, 7). Many of the
diseases closely resemble disorders that affect humans with several
minor differences; therefore, comparing such diseases occurring in
humans and dogs can help discover novel disease mechanisms,
pathways, and causal genetic factors. Indeed, this approach has
successfully contributed to the discovery of novel disease
mechanisms, pathways, and causal genetic factors of human
diseases, including NFAT in SLE-like disease (8), HAS2
biosynthesis in autoinflammatory disease (9), LGI2 in remitting
focal epilepsy (10), and SLC4A3 in progressive retinal atrophy (11).

Representative examples of diseases shared between humans and
dogs include sarcomas with vascular origins, such as human
angiosarcoma (AS) and canine hemangiosarcoma (HSA) (12-14).
Both human AS and canine HSA are highly aggressive sarcomas
derived from vascular-forming cells, with limited treatment options
and high mortality rates. They share many disease characteristics,
including molecular profiles and treatment responses. However, they
also exhibit critical differences in their incidence rates. Human AS is a
rare cancer, accounting for approximately 0.01% of all cancers (12, 14).
The rarity of human AS has hindered the development of new
therapeutics and biomarkers, despite a significant unmet medical
need for new diagnostics and therapies for AS patients. Even basic
research tools for AS, such as cell lines and mouse models, are limited.
Canine HSA, on the other hand, has an extraordinarily high incidence
rate in specific dog breeds (13). The high incidence rate in dogs offers
numerous advantages for investigating the clinical responses to
therapeutics and the basic biology of the disease, given its clinical
and genetic similarities to human AS. Therefore, canine HSA may
serve as a unique model for drug discovery research aimed at providing
a new treatment option to improve the prognosis of human AS. In this
context, we describe the characteristics of canine HSA and discuss how
their similarities and differences can be applied to advance the
treatment of these diseases.

Classification and general prognosis

Different pathological terminologies have been employed for
human AS and canine HSA, which are further differently
subclassified based on the disease characteristics of the primary
tumor site or etiology.

Human AS encompasses multiple types of endothelial cell-
derived sarcomas; i.e., sarcomas derived from endothelial cells of
blood vessels (HSA) and lymphatic vessels (lymphangiosarcoma).
AS is typically subclassified based on the primary tumor site
(cutaneous, soft-tissue, breast, and visceral AS) or etiology
(lymphedema-associated and radiation-induced AS) (15-17).
Each AS subtype has different prognoses and disease courses.
Generally, localized cutaneous AS has a relatively favorable
prognosis with 2-year overall survival rates (OS) of 71.6 to 94.1%
(18); however, metastatic AS has a poor prognosis with a median
OS of 8 to 9.9 months (12, 19).

The canine counterparts of human AS are still referred
to separately as HSA or lymphangiosarcoma. HSA is the
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predominantly reported subtype, while only a small number of
cases have been reported as lymphangiosarcoma (20, 21).
However, it should be noted that the majority of reports use
diagnostic markers such as CD34, CD31, and Factor VIII-related
antigen (F8RA), which cannot differentiate between HSA and
lymphangiosarcoma. Lymphatic vessel markers like LYVE-1 and
PROX-1 are rarely used in veterinary medicine to exclude the
possibility of lymphangiosarcoma (22). Although evidence
of tumor-associated vessels containing blood cells may
help to distinguish HSA from lymphangiosarcoma, it would
not completely exclude the possibility of the lesion being
lymphangiosarcoma. Therefore, a certain number of cases
classified as HSA in veterinary medicine may have been
misclassified as lymphangiosarcomas. Nevertheless, canine HSA is
typically subclassified based on the primary site: visceral HSA
(splenic and hepatic HSA), cardiac HSA, and cutaneous HSA
(13). The prognosis is typically grave in splenic, hepatic, and
cardiac HSA, with median survival times ranging from 19 to 179
days (23-30). On the other hand, cutaneous HSA has a relatively
favorable prognosis, with median survival times ranging from 307
to 1189 days (31, 32).

Epidemiology

Human AS is a very rare cancer, accounting for less than 0.01%
of all adult malignancies (14, 33). AS is more likely to occur on the
skin of white, elderly individuals, but there are no significant
differences in distribution between sexes (33). While AS can arise
from any soft tissue or organ with vascular tissues, it most
commonly affects the skin of the head, neck, scalp, breast, and
extremities. Visceral forms of AS, occurring in the liver, right
atrium of the heart, and spleen, are less frequent.

Dogs have a significantly higher incidence of HSA compared to
humans, with an estimated 25 to 100 times higher incidence rate
(34). HSA accounts for 5% of all non-cutaneous malignant
neoplasms in dogs (13, 34) and approximately 50% of all splenic
tumors (13, 35). Similar to humans, HSA predominantly affects
older animals, although there seems to be a slight male
predisposition in dogs (36, 37). Golden Retrievers and German
Shepherds are high-risk breeds, and HSA is the leading cause of
cancer-associated death in Golden Retrievers (28, 38). Like in
humans, HSA can arise from any soft tissue with vasculature, but
it most commonly affects the spleen, right atrium of the heart, liver,
and skin or subcutaneous tissue (13). The different anatomical
distribution observed in human AS and canine HSA is one of the
characteristic differences, although the exact underlying cause
is unknown.

Etiology

Multiple potential risk factors have been identified in human
AS, including chronic lymphedema, radiotherapy, UV radiation,
BRCA mutation, familial syndromes, chemical exposure, foreign
bodies, and immunosuppression. Radiotherapy and chronic
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lymphedema are well-known risk factors for AS (39, 40). Breast
cancer patients who receive adjuvant radiotherapy are predisposed
to developing chronic lymphedema and subsequent breast AS as
unintended side effects of treatment. This condition is known as
Stewart-Treves syndrome (39). The highest incidence of AS in
breast cancer patients occurs 5-10 years after adjuvant
radiotherapy (40). The risk of AS further increases in patients
with mutations in the BRCAI (185delAG) and BRCA2 (854delC)
genes (41), which are crucial for DNA repair. Milroy’s disease and
chronic filariasis also cause chronic lymphedema and are associated
with the development of AS (15). AS is associated with various
familial syndromes such as neurofibromatosis, Maffucci syndrome,
Li-Fraumeni syndrome (TP53 mutations), and Klippel-Trenaunay
syndrome (PIK3CA mutations) (15), which is consistent with the
observed profiles of recurrent mutations in AS. Chemical exposure
is another risk factor for AS development, including exposure to
vinyl chloride (42), thorium dioxide (43), arsenic, radium, and
anabolic steroids (44). Among these, vinyl chloride and thorium
dioxide predominantly induce hepatic AS (42, 43). Foreign bodies
can also cause AS, such as surgical gauzes (45), vascular prostheses
(46), orthopedic prostheses (47), and gouty tophus (48). The
causal association between immunosuppression and AS
tumorigenesis remains unclear; however, AS has been observed in
immunosuppressed patients following renal transplantation, and
some epidemiological studies suggest a potential association
between AS and AIDS (49).

Not many risk factors have been reported for canine HSA so far;
however, the identified risk factors include dog breeds such as
German Shepherds or Golden Retrievers (50) and UV radiation (51,
52). Dog breeds such as German Shepherds or Golden Retrievers
are considered strong risk factors, possibly due to genetic
imbalances resulting from intense inbreeding and selection. A
genome-wide association study reported several loci significantly
associated with the risk of HSA in Golden Retrievers (50). Like
human AS, UV radiation has also been associated with cutaneous
HSA (51, 52), which exhibits a high mutation rate and a strong UV
mutational signature (53).

Pathology

Both human AS and canine HSA are heterogeneous tumors
with significant intra- and intertumoral differences. The hallmark of
AS is the proliferation of pleomorphic endothelial cells showing
rounded, polygonal, fusiform, or epithelioid morphology without a
clear border to normal tissue. Well-differentiated AS may contain
abnormal endothelial cells forming vascular sinusoids continuous
with normal vascular channels; however, aggressive and poorly
differentiated AS tends to lose such architecture and has an
epithelioid morphology with a high mitotic rate and areas of
hemorrhage and necrosis (15, 54, 55), which grants AS tissue
prominent complexity and heterogeneity. AS typically expresses
endothelial markers including von Willebrand factor, CD34, CD31,
and VEGF. Among these, von Willebrand factor (15) and CD31 are
the most commonly used markers for distinguishing AS from other
undifferentiated neoplasms (56). However, progressive AS may lose
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these expressions and gain expression of cytokeratins, which can
cause confusion with undifferentiated epithelial malignancies (56).

Canine HSA exhibits similar histological characteristics to
human AS. The histologic features include the proliferation of
immature, pleomorphic endothelial cells with expression of von
Willebrand factor, CD31, claudin-5, CD117, and VEGF (57-61).
Similarly, von Willebrand factor and CD31 are the most commonly
used markers for distinguishing HSA from other malignancies. An
intriguing hypothesis regarding the origin of canine HSA has
recently been proposed. Canine HSA has been considered to
originate from vascular endothelium based on histopathological
findings. However, recent studies have revealed that these
malignant cells may originate from pluripotent bone marrow
progenitors at the stage of hemangioblasts to angioblasts
differentiating into endothelial cells (34, 62, 63). This hypothesis
has been reported only in canine HSA; however, given the
similarities between human AS and canine HSA, it may also be
relevant to the origins of human AS.

Molecular abnormalities

Human AS and canine HSA share many similar genetic
abnormalities with minor differences (Figure 1, Table 1). Human
AS reportedly has many types of molecular abnormalities; however,
common driver pathogenic mutations or copy number aberrations
shared in all reported cases have not been identified, likely due to
the high heterogeneity in primary locations or etiologic factors of
AS. Recurrent mutations in human AS include KDR (VEGFR2)
(64), TP53 (67, 73), and PIK3CA (64). Other genetic abnormalities
of AS include mutations of KRAS (69, 74), MAPK (65), PTPRB, and
PLCG (70), as well as amplifications of KDR (65, 75), VEGFA (72,
73), MYC (65, 75), KIT (64), and deletions of CDKN2A (65, 75).
Among these, PTPRB and PLCG mutations and MYC amplification
are most frequently observed in secondary AS, such as radiation-
induced AS. Other factors are also reported in association with AS
pathogenesis: overexpression of WT1 (Wilms Tumor 1) (76),
LGALS3 (Galectin-3) (77), ETSI, metalloproteinases (MMP1,
MMP3, and uPA) (78, 79), and FSCN (the actin-bundling
motility protein) (72). AS has a KIT expression (80-82) and
amplification (64), whereas no activating mutations in exons 11
(juxtamembrane domain) or 17 (kinase domain) of KIT have been
observed so far.

Angiogenic pathways have long been recognized for their
pivotal roles in the context of Angiosarcoma (AS). Specifically,
the central components of these angiogenic pathways, namely KDR
(VEGFR2) and VEGFA, often exhibit mutations and amplifications,
as documented in multiple studies (64, 72, 73). KDR serves as the
principal receptor tyrosine kinase responsible for mediating
VEGFA-induced proangiogenic signaling. As such, it was initially
anticipated that the loss of KDR signaling might suppress the
proliferation and metastasis of AS, correlating with a more
favorable prognosis. Intriguingly, however, the results proved
contrary, revealing that the loss of KDR is associated with a less
favorable prognosis (83). These findings suggest that KDR may not
be a contributing factor to the tumorigenesis of AS but rather a
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Human angiosarcoma (AS)
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Canine hemangiosarcoma (HSA)

FIGURE 1

Summary of gene abnormalities in human angiosarcoma (AS) and canine
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TABLE 1 Gene abnormalities shared between human angiosarcoma (AS) and canine hemangiosarcoma (HSA).

Human AS

Mutation

Amplification

CDKN2A

&i

Cell survival

del

response rate was only 28% compared to 45.8% in the combination

RAS and its downstream pathways appear to play important
roles in AS. The mutation of NRAS and KRAS has been observed in
AS (64, 69, 74). Furthermore, a functional study revealed that the

Canine HSA

Mutation

Ampilification

KDR 12/47 (26%) Painter et al. (64) 4/34 Murali et al. (65) - 14/47 (22%) Megquier et al.
(VEGFR2) (66)
TP53 14/47 (30%) Painter et al. (64) - 33/50 (66%) Wang et al. (68) -
7/13 (53.8%) Naka et al. (67) 14/15 (93.33%) Wong et al. (53)
PIK3CA 10/47 (21%) Painter et al. (64) - 23/50 (46%) Wang et al. (68) -
14/47 (29.8%) Megquier et al. (66)
RAS NRAS 3/47 (6%) Painter et al. (64) - NRAS 12/50 (24%) Wang et al. (68) -
KRAS 8/15 (53.3%) Weihrauch et al.
(69)
PLCG 8/47 (17%) Painter et al. (64) - 2/50 (4%) Wang et al. (68) -
3/34 (8.8%) Behjati et al. (70) 1/20 (5%) Wang et al. (71)
VEGFA - 20/20 (100%) Dim et al. - 9/47 (19%) Megquier et al. (66)
(72)
KIT - 4/47 (9%) Painter et al. (64) - 8/47 (17%) Megquier et al. (66)
CDKN2A Deletion 9/34 (26%) Murali et al. (65) - Deletion 10/47 (22%) Megquier et al. -
(p14ARF, (66)
p16)
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introduction of continuously activated HRAS into murine
endothelial cells produces poorly differentiated AS in vivo (86),
indicating essential roles of the RAS pathway in the tumorigenesis
of AS. Among the downstream pathways of RAS, the activation of
the PI3K pathway has been frequently documented in AS patients.
Of note, several studies have suggested that PI3K signaling is more
important than the MAPK signaling cascade in AS (86, 87).
Although activation of PI3K pathways has been frequently noted,
the mutation of PIK3CA itself had not been reported in AS studies.
However, a recent international cooperative project (Angiosarcoma
Project) revealed that the PIK3CA activating mutation was one of
the most frequently mutated genes in human AS (64). These reports
suggest a strong contribution of PI3K pathways to the
tumorigenesis of AS.

Canine HSA has been reported to bear many shared genetic
abnormalities with human AS. The most commonly observed
recurrent mutations in canine HSA include TP53 (66), PIK3CA
(activating) (66, 71), and PIK3RI (66), PTEN (inactivating) (71),
NRAS (68), and PLCGI (66, 68). Additionally, canine HSA
frequently has other genetic abnormalities, including the deletion
of CDKN2A/B (66) and PTEN (88) and the amplification of KDR,
VEGFA, and KIT (66). However, unlike in human AS, the
amplification of MYC is not frequently observed in canine HSA
(89). This is likely due to secondary HSA not being prevalent
in dogs.

Many components of the angiogenic pathways are also altered
in canine HSA. Consistent with the profiles of human AS, canine
HSA frequently exhibits activation of the VEGFA-KDR pathway
(66). Similarities have also been observed in the clinical response to
inhibitors of angiogenic pathways. Despite the predominant
activation of the VEGFA-KDR pathway, a small molecule
inhibitor targeting canine KDR, toceranib, failed to induce
sufficient clinical responses in canine HSA (90). The results from
veterinary clinical trials strongly suggest fundamental similarities in
the response to treatment between human AS and canine HSA.

Canine HSA also shares gene abnormalities in the RAS and
PI3K pathways, as observed in human AS (68, 71). Intriguingly,
activating mutations in PIK3CA were first identified in canine HSA
by veterinary researchers (71). Initially, these activating mutations
in PIK3CA were considered to be specific to canines. However, a
recent large-scale analysis (Angiosarcoma Project) revealed that
human AS also frequently has activating mutations in PIK3CA (64).
This exemplifies that canine HSA has highly similar molecular
characteristics to human AS, indicating the strong potential of
canine HSA as a model with similar molecular and
clinical characteristics.

Treatment

Currently, there are no effective therapeutic options for both
human AS and canine HSA. Human AS has seldom been the
primary focus of clinical trials due to its uncommon occurrence;
instead, it has frequently been included in prospective clinical trials
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as part of the sarcoma in general without specialized treatment. To
date, there have been no prospective clinical trials for AS that
demonstrated a prominent survival benefit of systemic therapy in
either the neoadjuvant or adjuvant setting. In line with this, many of
the discussions regarding therapeutic options for AS are based on
limited evidence reported from retrospective studies, albeit with a
few prospective studies.

The primary choice of treatment for human AS with localized
lesions remains radical surgery with complete resection. However,
due to the invasive nature of AS, achieving complete resection with
clear margins is often challenging (17, 91-93). Given the
circumstances, neoadjuvant chemotherapy may be performed
using gemcitabine, docetaxel, doxorubicin, ifosfamide, and
paclitaxel; however, no survival benefit has been reported with the
addition of neoadjuvant chemotherapy (94). Concurrent therapy
with paclitaxel and radiation has been explored for localized
cutaneous AS, and a prospective study has shown improved
survival with a 2-year overall survival (OS) of 94.1% compared to
71.6% in the control group (18). In the view of treating metastatic
disease, several cytotoxic drugs and regimens are used for this
purpose. One of the most commonly used agents is taxane-based
regimens involving paclitaxel. A Phase II single arm clinical trial
demonstrated that paclitaxel has particular activity in AS and is now
often used in the first or second-line setting (18). A prospective
study showed that the response rate for this treatment was
approximately 19%, with a median progression-free survival
(PES) of 4 months and OS of 8 months (19). Anthracycline-based
regimens using doxorubicin are also often utilized, with a response
rate of approximately 25%, and a median PFS of 4.9 months and OS
of 9.9 months (prospective study) (95).

Canine visceral HSA is usually treated with surgery and
adjuvant chemotherapy, and most of the prognostic information
in the literature is from retrospective analysis. For splenic HSA,
total splenectomy and adjuvant chemotherapy with a single agent
or combination protocols involving doxorubicin are recommended
(13). However, the therapeutic efficacy is limited, and significant
improvement in survival time is rarely achieved. Splenectomy alone
has shown median survival times ranging from 19 to 86 days (23—
27), with a 2-month survival rate of 31% and a 1-year survival rate
of 7% (96). Surgery and adjuvant chemotherapy have resulted in
median survival times of 141-179 days, with less than 10% of dogs
surviving beyond one year (28-30). Cardiac HSA treated with
surgical excision and adjuvant doxorubicin-based chemotherapy
showed a similar response to splenic HSA, with median survival
times of 183-189 days (97, 98). For cutaneous HSA, surgery with or
without adjuvant chemotherapy is generally performed (13). Wider
margins are recommended for surgery, although it may be difficult
depending on the tumor location, similar to human AS (13).
Cutaneous HSA has median survival times of 307 days (with
invasion into the surrounding tissue) or greater than 2 years
(without evidence of invasion), which is a much better prognosis
compared to visceral HSA (31). Cutaneous HSA treated with
surgery and adjuvant doxorubicin has shown median survival
times as long as 1189 days (32). Only a few studies have reported
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the efficacy of radiation therapy for canine HSA, and none have
reported a significant improvement in overall survival (99).

Other treatment options and potential
treatment under investigation

For the treatment of human AS, several targeted agents have been
explored as alternative options. Agents targeting the VEGF-VEGFR
angiogenic pathway have been assessed for sarcoma, including
bevacizumab and pazopanib. Bevacizumab, a monoclonal antibody
targeting VEGFA (84, 100, 101), produced modest results with only 2
out of 23 patients showing a partial response and 11 out of 23 patients
with stable disease in a Phase II clinical trial (84). The results were
disappointing considering the well-known alteration of the VEGFA-
VEGEFR pathway in AS. Pazopanib, a tyrosine kinase inhibitor, also
yielded modest results with a median progression-free survival (PES)
of 3 months and no significant responses in a retrospective study
(102). Immune checkpoint inhibitors (ICIs) have recently emerged as
another option for AS. The anti-PD1 (programmed death 1)
checkpoint inhibitor pembrolizumab was approved for tumors with
a high tumor mutation burden regardless of histology (103).
Pembrolizumab showed an exceptional and durable response to 2
out of 3 metastatic AS cases that were refractory to standard therapies
(64). Although further studies are required to confirm their efficacy,
these reports suggest the promising potential of ICIs for
AS treatment.

For canine HSA, multiple agents have been explored as
alternative options, including a tyrosine kinase inhibitor targeting
KDR (toceranib) (90), a taxane-based agent (Paccal-Vet) (104),
immune checkpoint inhibitors (ICIs) (105, 106), other forms of
anthracycline (epirubicin) (107), pegylated liposome-encapsulated
doxorubicin (108), COX-2 inhibitors (109), and thalidomide (110).
Toceranib, a tyrosine kinase inhibitor targeting KDR (90), has been
explored for the treatment of canine HSA; however, the results were
disappointing: a prospective study showed that the use of toceranib
following doxorubicin-based chemotherapy did not improve either
disease-free interval or OS in stage I or II canine HSA (a median
disease-free interval, 161 days; a median survival time, 172 days) (90).
Paccal Vet, a water-soluble, micellar formulation of paclitaxel, has
been investigated for treating canine HSA. Paclitaxel has not been
used in dogs due to high rates of hypersensitivity reactions when
given intravenously (111, 112); however, Paccal Vet is designed not to
induce such hypersensitivity, thus it is expected to be useful for the
treatment of canine HSA (104). Although ICIs had not been
commercially available for dogs, Gilvetmab, the first anti-canine
PD-1 antibody, has been approved in October 2023 (Merck
Animal Health USA). Currently, Gilvetmab is approved only for 2
tumor types (mast cell tumor and malignant melanoma), and its
clinical efficacy for canine HSA is still unclear. Although further
studies are required, ICIs have promising potential as a therapeutic
modality for canine HSA as in human AS. Several other forms of
conventional immunotherapy are documented, including an
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HSA vaccine (113), liposome-encapsulated muramyl
tripeptide phosphatidylethanolamine (LMTP-PE) (114), and
polysaccharopeptide (115); however, their efficacy may be limited.

Issues in drug discovery research
for human AS

Major issues associated with drug discovery research for human
AS are caused by its rarity and can be subdivided into scientific or
investment issues. The scientific issues include (1) lack of
comprehensive information regarding treatment and biological
characteristics and (2) the lack of appropriate research models.

The majority of information regarding therapeutic responses
and biological characteristics of AS is based on the results from case
series, which may possess potential bias in selection, and the dataset
may be incomplete or a mixture of the results from different
treatment approaches (12). Randomized trials are lacking,
and there are limited prospective studies (12). Nonetheless,
recent initiatives for international collaboration, such as The
Angiosarcoma Project (64) and the International Rare Diseases
Research Consortium (IRDiRC), hold promise for gradually
addressing these challenges.

Cell lines and conventional xenograft mouse models useful for
AS research are also lacking. The establishment of AS cell lines is
extremely difficult. As a result, well-characterized and commonly
used cell lines are limited to only a few, including ISO-HAS (116)
and ASM (117). Similarly, the availability of cell-derived xenograft
models (CDX) and patient-derived xenograft models (PDX) is
limited, although a recent study reported a rare successful
example (118).

The low incentives for pharmaceutical companies to invest in
new drugs for AS are another challenge (119). Drug development
specifically for AS carries a high risk of failing to recoup the invested
funds and is thus rarely pursued. Additionally, few clinical trials
evaluating new compounds for other major cancers include patients
with rare cancers such as AS. This is because the inclusion of such
patients increases the risk of experiencing unexpected adverse
events, which could critically halt the entire development process.
Furthermore, the additional costs related to managing compound
supply, developing companion diagnostics, and applying for
regulatory approvals are not easily justified as investments for
pharmaceutical companies. Given these circumstances, current
drug discovery research for AS mainly focuses on drug
repositioning studies that can be conducted with relatively low-
risk investments. However, relying solely on these drug
repositioning studies remains challenging to achieve the
development of truly effective therapeutic drugs for AS.

The inefficient collection of patients for clinical trials or clinical
samples has been a factor that hinders drug discovery research for
AS. However, this is getting less problematic due to recently
improved cooperation between specialized hospitals or
institutions for the registration and enrollment of clinical trials (64).
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FIGURE 2

Canine HSA shares molecular signatures with human AS, making it a potentially useful model for predicting therapeutic responses in human AS,
especially for evaluating the efficacy of drugs targeting shared genetic anomalies between humans and dogs

Advantages and disadvantages of
canine HSA as a drug discovery model

Canine HSA has advantages as a non-conventional model for
drug discovery (Figure 2). Despite canine HSA having an
exceptionally higher incidence rate than its human analog, it
retains significant similarities with human AS, including multistep
tumorigenesis that occurs over several years, histological and
molecular characteristics, a complete immune system, intra/
intertumoral heterogeneity, and living environment. Furthermore,
many HSA cell lines have been established and are available for
basic research (63, 113, 120-125). The value of the dog model is
further highlighted given the advantages in the investigation of
immunotherapy. Since the recent broad applications of ICIs,
understanding clinical responses to immunotherapy in the
heterogeneous tumor microenvironment seen in human cancers
is gaining more importance. However, conventional rodent models
hardly serve as appropriate models for this purpose due to their
non-spontaneous and artificial nature of tumors with dysfunctional
immune systems. In contrast, canine HSA is a naturally occurring
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tumor, which has genetic heterogeneity and an intact immune
system that could closely recapitulate the complexity of human
cancers. The recent development of a canine version of ICI
(Gilvetmab) could further facilitate the investigation of clinical
responses to immunotherapy in the setting of genetic and
immunologic heterogeneity of tumors. These characteristics and
the research environment are useful for analyzing therapeutic
responses and the complexities of drug resistance, metastasis, and
tumor-host immune interactions in AS patients.

On the other hand, the strategy of using canine HSA as a drug
discovery model also has certain disadvantages to consider.
Conducting drug discovery research using canine HSA in a
clinical setting could be more expensive compared to
conventional preclinical studies using laboratory animals such as
mice and rats. Dogs have a larger body size than laboratory animals,
which requires a higher amount of drugs for testing. Additionally,
to acquire high-quality clinical data to evaluate the response to
drugs, frequent medical checks during administration may be
necessary. These medical checks typically include a set of
assessments such as complete blood cell count, blood
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biochemistry, urinalysis, ultrasound, X-ray, computed tomography
(CT), and magnetic resonance imaging (MRI), which significantly
increases the total costs. Moreover, systemic anesthesia is typically
required for dogs undergoing CT and MRI, adding extra costs and
medical risks to the process of performing these evaluations.
Sometimes systemic anesthesia could result in fatal situations,
particularly for elderly dogs with cancer, making it challenging to
perform these evaluations multiple times from an animal welfare
perspective. Furthermore, from a regulatory perspective, the role
and purpose of using spontaneous dog tumor models are not clearly
defined in the status quo. Therefore, the data collected from canine
trials may be considered as supplemental information, which may
not have significant impacts on drug approval. Additionally, drug
repositioning studies can be directly initiated with humans,
reducing the relative necessity of canine models for such
purposes. Moreover, although many similarities have been
reported between human AS and canine HSA, these diseases are
not entirely identical. Therefore, for each study, performing
appropriate basic research is necessary to validate that the target
mechanism of action is actually conserved between human AS and
canine HSA.

Potentials as a model for drug
efficacy evaluation

As discussed above, canine HSA is a potentially useful model for
evaluating drug efficacy; however, more research is needed to fully
utilize its potential. To facilitate the effective use of this model in
drug discovery, several key factors should be considered from the
current regulatory perspective. The most critical factor to consider
is the scientific validity of the model, given that there are currently
no established regulatory guidelines for utilizing canine HSA in
evaluating drug efficacy (126). Scientific validity is typically
determined by whether the model appropriately reflects
the molecular mechanisms, physiological conditions, and
microenvironment of the target tumors in humans (126).
Therefore, conducting basic research to uncover the more
detailed characteristics of HSA, as well as establishing guidelines
for model evaluation by academic societies, can be an effective
strategy to promote the use of canine HSA as a valuable tool in drug
discovery. Canine HSA, in this role, holds the potential to help
mitigate the risks associated with drug development for human AS.
This can be accomplished by early identification of agents with
promising activity and safety, effectively distinguishing them from
those likely to fail in the drug development journey. Such an
approach represents a promising avenue for advancing AS drug
development and research progress.

Canine HSA may be useful for basic research aimed at
identifying novel mechanisms or therapeutic targets for the
development of new drugs, given that it appears to share
fundamental similarities with human AS in terms of biological
characteristics and therapeutic responses to drugs. Nonetheless, the
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investigation of new drugs for AS may be challenging due to non-
scientific reasons, including low incentives for investing in drug
discovery for rare cancers, as mentioned in a previous section.
However, a recent approach that targets a limited disease
population and recovers the investment through increased drug
prices (low population/high margin) may help overcome this
situation in drug discovery for rare cancers (119). Several new
drugs for rare diseases have been successfully developed using this
approach, such as Zolgensma for spinal muscular atrophy (affecting
1 out of 10,000 people) (127) and Tofersen (128) for SOD1-mutated
amyotrophic lateral sclerosis (affecting 3 out of 1,000,000 people).
Utilizing such an approach may help overcome the current
situation filled with difficulties, and the results obtained from
basic research using canine HSA still have the potential to pave
the way for future new drug development for AS. Additionally,
canine HSA may also be a useful research model to explore
appropriate doses and intervals in exploratory studies involving
the repositioning of drugs that are approved for other cancers. Also,
the heterogeneous nature of canine HSA, which includes the
complexity of the tumor microenvironment with a complete
immune system, may help collect crucial information for
understanding factors essential for drug resistance and recurrence.

Potentials as a model for
toxicity evaluation

Canine HSA may not be an effective model for toxicity evaluation
in drug development as it does not meet the standards of Good
Laboratory Practice (GLP) studies. Companion dogs with HSA lack
sufficient background or reference data, making it difficult to interpret
the results and reducing the reliability of the data compared to
toxicity studies conducted under GLP conditions. The nature of
this model makes it challenging to determine whether the observed
toxicity is caused by disease exacerbation, drug effects, or individual
differences within the model. This critical disadvantage hinders the
scientific investigation of the underlying causes of toxicity observed in
the model. The use of non-conventional animal models may be
considered only when general toxicity evaluations are deemed
inappropriate. One example is biopharmaceuticals that do not
exhibit pharmacological effects in conventional animal models. In
such cases, non-conventional animal models can be justified by
examining species differences in terms of pharmacological effects,
target molecule distribution and expression, and tumor behavior,
with reference to ICH guideline S6 (129). However, it is unrealistic to
check all these aspects in companion animals; therefore, transgenic
animals are commonly used as substitutes for this purpose. The
results of efficacy studies described in the previous section may be
included as supplemental information for safety evaluations.
However, they are typically considered as supplemental reference
data with less impact on drug approvals. Therefore, the companion
animal model cannot provide the same quality of toxicity data,
limiting its use in toxicological studies.
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Conclusion

The development of new drug discovery for AS has remained
elusive, and the challenges outlined in this review persist. However,
it is crucial that these limitations do not deter the commitment of
our research community to advancing therapeutic options for
patients with AS. As illustrated in this review, canine HSA
exhibits significant molecular similarities to human AS, making it
a valuable model for predicting therapeutic responses in human AS,
especially when evaluating the efficacy of drugs targeting shared
genetic anomalies between humans and dogs. This review
represents an initial step toward the development of novel drugs
for AS and HSA. Nevertheless, further foundational research is
imperative to enhance the utilization of canine HSA as a model for
drug discovery.
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Breast cancer is the most common malignant neoplasm in women. Despite
progress to date, 700,000 women worldwide died of this disease in 2020.
Apparently, the prognostic markers currently used in the clinic are not
sufficient to determine the most appropriate treatment. For this reason,
great efforts have been made in recent years to identify new molecular
biomarkers that will allow more precise and personalized therapeutic
decisions in both primary and recurrent breast cancers. These molecular
biomarkers include genetic and post-transcriptional alterations, changes in
protein expression, as well as metabolic, immunological or microbial changes
identified by multiple omics technologies (e.g., genomics, epigenomics,
transcriptomics, proteomics, glycomics, metabolomics, lipidomics,
immunomics and microbiomics). This review summarizes studies based on
omics analysis that have identified new biomarkers for diagnosis, patient
stratification, differentiation between stages of tumor development
(initiation, progression, and metastasis/recurrence), and their relevance for
treatment selection. Furthermore, this review highlights the importance of
clinical trials based on multiomics studies and the need to advance in this
direction in order to establish personalized therapies and prolong disease-
free survival of these patients in the future.
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1 Introduction

According to GLOBOCAN 2020, female breast cancer (BC) is
the most common type of cancer. In 2020, female BC accounted for
nearly 700,000 cancer deaths and 2.3 million new cases worldwide
(1). Breast cancer is highly heterogeneous, and its treatment
classically depends on its clinical status (early stage, locally
advanced or metastatic), histological characteristics and
biomarker profile (2). Histologically, breast cancers can be
classified as sarcomas or carcinomas depending on whether they
originate from connective tissue or epithelial cells. In turn,
carcinomas are classified as carcinomas in situ if they have not
invaded other tissues, or as invasive carcinomas if they have invaded
adjacent tissues or other organs of the body. Both in situ and
invasive carcinomas are found in the lobules and ducts (lobular
carcinoma in situ, LCIS; ductal carcinoma in situ, DCIS; invasive
lobular carcinoma, ILC; and invasive ductal carcinoma, IDC) (2).
The presence or absence of estrogen receptor (ER), progesterone
receptor (PR), and human epidermal growth factor receptor 2
(HER2) molecularly determines breast cancer subtypes (3).
Estrogen receptor positive (ER+) tumors require estrogen to
subsist and grow. PR expression, in turn, is estrogen dependent.
Therefore, ER+ and/or PR+ tumors are amenable to endocrine
therapies targeting estrogen biosynthesis or estrogen receptors (4,
5). Likewise, HER2 amplification or overexpression determines the
use of HER2-targeted therapy (6). Breast cancer can be classified
into luminal A, luminal B, HER2-enriched and triple-negative
breast cancer (TNBC), also known as basal-like. The luminal A
subtype is characterized as ER+ and/or PR+ but HER2-, the
luminal B subtype is ER+ and/or PR+/HER2+, the HER2-
enriched subtype is characterized by overexpression of HER2 and
ER-/PR—, and TNBC is negative for ER, PR and HER2 expression

Classification
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(2, 3, 7, 8). In addition, six TNBC subtypes have been identified:
basal-like 1 (BL1), basal-like 2 (BL2), mesenchymal (M),
mesenchymal stem-like (MSL), immunomodulatory (IM), and
luminal androgen receptor (LAR) (9). In principle, the
stratification of patients allows the establishment of treatments
adapted to each subtype of breast cancer (2, 10) (Figure 1).
Despite efforts, 700,000 women died from breast cancer in 2020
(1). Apparently, prognostic markers currently used in the clinic,
such as ER and HER?2 status, histologic subtype, size, lymph node
status and Nottingham grade, as well as current predictive tests such
as germline BRCA status, tumor PIK3CA mutation status and
programmed death-ligand 1 (PDL-1) status, are not sufficient to
determine the most appropriate treatment (11). Relapses are the
main obstacle faced by clinicians and are mainly due to the
development of resistance to the drugs administered. However,
there are still insufficient data to determine whether resistance
develops after exposure to the drug or whether resistant cells are
present from the onset of the disease, preceding antineoplastic
treatments (12). This has prompted the search for biomarkers
related to different characteristics of breast cancers, such as
genetic alterations, epigenetic reprogramming, tumor-promoting
inflammation and immune evasion, dysregulation of cell
metabolism, or changes in the microbiota, among others (13, 14).
Over the past 50 years, efforts have been made to identify genetic
and post-transcriptional alterations, changes in protein expression,
and more recently, metabolic changes and even immunological or
microbial changes. These changes can be detected at the single
molecule or pathway level and can serve as markers for diagnosis
and/or discovery of personalized therapies. The detection of these
modifications is made possible by technologies known as “omics”,
such as genomics, transcriptomics, proteomics or metabolomics, or
more specific ones such as epigenomics, glycomics or lipidomics,
among others. The identification of new biomarkers might allow

Histological

* Sarcoma
« Carcinoma
« In situ
« Lobular (LCIS)
* Ductal (DCIS)
« Invasive
+ Lobular (ILC)
« Ductal (IDC)

Molecular

* Luminal A
* Luminal B
* HER2-enriched

« Basal like 1 (BL1)
« Basal like 2 (BL2)
* Mesenchymal (M)

« Triple negative cancer (INBC)

* Mesenchymal stem-like (MSL)
« Immunomodulatory (IM)
 Luminal androgen receptor (LAR)

Omics Biomarkers
1
E Genomics Diagnosis/
! Epigenomics Stratification
1
:
1
! Early breast
1
1 | Transcriptomics cancer
1
:
: Cancer
: progresion
| | Proteomics
1
! .
1 Glycomics Recurrence /
1
! Metastasis
:
1
i | Metabolomics Predictive/
1
i+ Lipidomics Prognosis
1
:
1
! Treatment
! L
| | Microbiomics / T

FIGURE 1

Schematic of the workflow performed in the review. Once the commonly accepted classifications of breast cancer have been described, the

biomarkers identified by different omics techniques are described.
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more precise, and personalized therapeutic decisions in both
primary and recurrent cancers (Figure 1).

Genomics collectively characterizes and quantifies all the genes
of an organism. Genomic analysis includes techniques such as
microarrays, gene expression profiling, serial analysis of gene
expression (SAGE), comparative genomic hybridization (CGH),
array-based CGH (array-CGH), whole genome amplification
(WGA), and high-throughput sequencing or next-generation
sequencing (NGS). Different genomic studies have focused on the
search for markers with predictive or prognostic value, for patient
stratification and for determining the appropriate therapy (15, 16).
Transcriptomics studies the set of all RNA transcripts of an
organism. The most commonly used techniques to study the
transcriptome are microarrays and RNA sequencing (RNA-seq)
using high-throughput sequencing or NGS. Transcriptomic analysis
allows the measurement of differential gene expression, often
presented as hierarchical clustering (17, 18). Proteomics detects
and quantifies the presence of proteins produced or modified by an
organism. Proteomic analysis is performed by using separation
techniques (gas chromatography, liquid chromatography, ultra-
high performance liquid chromatography, capillary
electrophoresis) combined with mass spectrometry (MS, resulting
in GC-MS, LC-MS, UPLC-MS, CE-MS, respectively), nuclear
magnetic resonance spectroscopy (NMR), reverse phase protein
arrays (RPPA), and sequential windowed acquisition of all
theoretical fragment ion mass spectra (SWATH-MS) (19).
Glycomics provides insight into the biological significance of N-
glycosylation of plasma proteins in cancer (20). Metabolomics
approaches based on NMR, LC-MS, GC-MS and desorption
electrospray ionization mass spectrometry imaging (DESI-MSI)
enable the linking of genotype and phenotype thanks to the
knowledge generated by dynamic metabolism (21, 22).
Epigenomics (study of gene modifications through the
aggregation of chemical compounds, with no changes in the DNA
sequence), lipidomics (study of lipids in the biological system), and
microbiomics (study of microorganisms present in the human
body) are branches that use some of the mentioned above.

Due to the complexity that governs carcinogenesis and tumor
progression, recent years have seen efforts to integrate data from
different omics into a computational approach that allows for more
complex reconstruction of biochemical connections (23). This review
aims to summarize the existing knowledge on the advances made
thanks to omics studies in human breast cancer. In particular, we
focus on 1) the discovery of markers that can be used for diagnosis, 2)
molecular and/or signaling pathway alterations in onset, progression,
and metastasis, and 3) resistance to therapies and attempts to
establish personalized treatments (Figure 1).

2 Implication of omics in the
identification of cancer-specific and
prognostic biomarkers

A cancer biomarker, found in tissues or body fluids, is used to
detect the presence of cancer (differences between tumor and
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healthy samples or between tumor subtypes) and provides
information on prognosis/prediction, cancer progression, and
cancer medicine/treatment guidance, among others (24). In this
review, we provide an overview of cancer-specific molecules and/or
pathways that have been identified as biomarkers in breast cancer
using different omics technologies.

2.1 Diagnostic biomarkers

One of the first uses of omics has been to identify biomarkers
that differentiate tumor tissue from healthy tissue, as well as to
identify biomarkers specific to different subtypes of breast cancer. In
addition, the last decade has seen efforts to develop minimally
invasive techniques to predict breast cancer subtypes, such as
identifying biomarkers in human plasma, saliva, and urine.

The presence, copy number alterations, mutations, or
amplifications of various genes are markers of breast cancer in
tissue. Table 1 summarizes the most commonly mutated genes (27,
44). Copy number alterations have been observed in PIK3CA,
ERBB2, TP53, MAP2K4, MLL3, CDKN2A, PTEN, and RBI (44).
Approximately 35-40% of primary breast cancers harbor mutations
in TP53 and PIK3CA, as well as amplification of ERBB2, FGFRI,
and CCND (~15%), and mutations in MUCI16, AHNAK2, SYNEI,
KMT2C, AKTI, and GATA3 genes (10%) (25, 45). In 2012, the
Cancer Genome Atlas Network (CGAN) identified novel
significantly mutated genes (SMGs), including TBX3, RUNXI,
CBFB, AFF2, PIK3RI1, PTPN22, PTPRD, NFI1, SF3BI, and
CCND3 (26).

A proteomic analysis has identified canonical up- and
downregulated pathways in breast cancer. Pathways upregulated
in breast cancer include glycolysis; metabolic pathways such as
pyruvate fatty acid, arginine and proline, and valine, leucine and
isoleucine catabolism; protein ubiquitination; RhoA, PI3K/AKT,
ILK, 14-3-3-mediated, RAN, aryl hydrocarbon receptor, integrin,
clathrin-mediated endocytosis, IGF-1, VEGF, EIF2, actin
cytoskeleton, ERK5, GABA receptor, and HER-2 signaling
pathways; NRF2-mediated response to oxidative stress; Rho-
mediated regulation of actin-based motility; and LPS/IL-1-
mediated inhibition of RXR function. Downregulated pathways
include the citrate cycle, acute phase response signaling, P53
signaling, primary immunodeficiency signaling, urea cycle and
amino group metabolism, Cdc42 signaling, glyoxylate and
dicarboxylate metabolism, and autoimmune thyroid disease
signaling (46).

A fucosylated triantennary glycan containing three 02-3 sialic
acids (also called H6N5F1L3) and a non-fucosylated triantennary
glycan containing a combination of 0:2-3 and 0:2-6 sialic acids
(H6N5L2E1) are found at lower levels in breast cancer patient
samples (28), although other studies have reported conflicting data
for H6NS5F1L3 (47). In addition, a fucosylated tetraantennary
glycan containing a combination of 0:2-3 and 02-6 sialic acids
(H7N6F1L1E3) is significantly elevated in breast cancer patients
(28). Similarly, elevated levels of other trisialylated triantennary
fucosylated glycans (termed H6N5F1S3, consisting of H6N5F1E3,
H6NS5F1L3, H6N5F1L2EL, H6N5F1L2E1, H6N5F1L1E2, and
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TABLE 1 Diagnostic molecular biomarkers of breast cancer detected by
different omics.

Omic Molecular Biomarkers Sample REF

Genomic PIK3CA, TP53, GATA3, PTEN, AKTI, Tissue (20,
CDH1, ARID1B, CASP8, BRCA1/2, 21,
RBI1, MLL3, MAP3K1, MAP3K13, 25,

NCORI, SMARCDI, CDKNIB, TBX3, 26,
RUNXI1, CBFB, AFF2, PIK3RI, 27)
PTPN22, PTPRD, NF1, SF3B1, CCNDI,
CCND3, MAP2K4, CDKN2A, BARDI,
CHECK2, CTLA4, CYP19A1, FGFR1/2,
H19, LSP1, MUCI16, AHNAK2, SYNEI,
CDKNIB, RUNX1, CBFB, AFF2,
PTPN22, PTPRD, CCND3, MREI11A,
RAD5IC, STK11, TERT, TOX3,
XRCC2, XRCC3, ERBB2, ARID5B,
CTCF, HDAC9, KDM5B, NCOR2,
SETDIA, SXL2, ARIDIA, CTNNDI,
NUP107, CHDS8, FANCI, CHD9,
KEAPI, PCDHI18, LAMA2, HDACS,
ARFGEFI1, MILT4, FOXO3, GPS2.

Glycomic H6NS5F1L3, H6N5L2E1L, H7N6F1L1E3, Tissue (28,
H6N5F1S3, Vimentin, keratin 7, 29,
enolase 2, pyruvate kinase isozyme M 30,
2 (PKM2), protein disulfide isomerase 31)
(PDI) A6, TP and voltage-dependent
anion selective channel protein in
breast cancer

Metabolomic N1-Ac-SPD, N8-Ac-SPD Saliva (32)

Metabolomic Urine (33)

tissue

Acetone, 3-hexanone, 4-heptanone, 2-
methyl-5-(methylthio)-furan
and acetate

Metabolomic taurocholate, taurochenodeoxycholate,
glycocholate, allantoin,

taurodesoxycholate,

Plasma (34)
Proteomic

glycodesoxycholate, ursodeoxycholate,
mannose and fructose,
tyramine O-sulfate, N-
formylphenylalanine, dopamine 4-
sulfate,
glycerol, glycerol 3-phosphate, GOT1,
LDHB, GSS, GPX3

Metabolomic Lactate, lysine, alanine, pyruvate Serum (35)

and glucose

Lipidomic Tissue (36,

phosphodiesterase, palmitate- 37,

S1P, ceramides, sphingomyelin

containing phosphatidylcholines 38)

Lipidomic Lysophosphatidylcholine, lysoPC a Plasma (39)

C16:0, PC ae C42:5 and PC aa C34:2

Microbiomic Thermus scotoductus, E. coli, Bacillus Tissue (40,
cereus, Shewanella, Corynbacterium, 41,
Bacillus, Staphylococcus, 42,
Enterobacteriaceae, Comamondaceae, 43)
Bacteroidetes, Mycobacterium
fortuitum, Mycobacterium phlei,
Fusobacterium, Atopobium,
Gluconacetobacter, Hydrogenophaga

and Lactobacillus

H6NS5F1E3) have been observed (28, 30). Glycomic analysis have
identified seven glycosylated proteins with O-linked B-D-N-
acetylglucosamine (O-GIcNAc), an important post-translational
modification involving reversible and highly dynamic covalent
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binding of B-N-GlcNAc to Ser/Thr residues in proteins (48), such
as vimentin, keratin 7, enolase 2, pyruvate kinase isozyme M 2
(PKM2), protein disulfide isomerase (PDI) A6, TP, and voltage-
dependent anion selective channel protein in breast cancer
(31) (Table 1).

Eight pathways have been implicated in breast cancer: protein
digestion and absorption, central carbon metabolism in cancer,
neuroactive ligand receptor interaction, ABC transporters, mineral
uptake, inositol phosphate metabolism, glutathione metabolism,
and cysteine and methionine metabolism (49). A combinatorial
study of metabolomic and proteomic profiles in human plasma
samples has identified metabolic signatures for breast cancer
diagnosis. The most abundant metabolites in breast cancer
patients include mainly primary and secondary compounds of
bile acid metabolism, compounds of fructose, mannose, galactose,
tyrosine and glycerolipid metabolism. Critical metabolic pathways
in breast cancer include alanine, aspartate and glutamate pathways,
glutamine and glutamate metabolic pathways, and arginine
biosynthesis pathways. The specific metabolites are listed in
Table 1. In addition, thanks to the combined study with the
proteome, aspartate aminotransferase (GOT1), L-lactate
dehydrogenase B-chain (LDHB), glutathione synthetase (GSS)
and glutathione peroxidase 3 (GPX3) have been found to be
closely involved in these metabolic pathways (34).

On the other hand, metabolomic analysis of polyamines in
saliva before and after surgical treatment has shown a decrease in
N1-Ac-SPD and an increase in N8-Ac-SPD in patients after surgical
treatment. Thus, the ratio (N8-Ac-SPD)/(N1-Ac-SPD+N8-Ac-
SPD) could be an index of health status after surgical treatment
(32) (Table 1). A metabolomic study of urine and breast tissue
samples has identified dysregulation of lactate, valine, aspartate and
glutamine pathways in breast cancer. In addition, five metabolites
(acetone, 3-hexanone, 4-heptanone, 2-methyl-5-(methylthio)-
furan, and acetate) allow correlation between urine and tissue
samples (33). Inositol triphosphate receptor (IP3R) type 2 and 3
expression is increased in breast tumor tissue compared to adjacent
healthy tissue. Increased lipoproteins, increased levels of
metabolites such as lactate, lysine and alanine, and decreased
levels of pyruvate and glucose in the serum of patients with high
IP3R expression compared to healthy individuals (35).

The combination of metabolic profiling with tissue protein
expression increases the accuracy in characterizing breast cancer
patients (35). Lipidomic analyses have shown that the levels of
sphingosine-1-phosphate (S1P), ceramides, and other sphingolipids
are significantly higher in breast tumors than in normal breast
tissue (36). In addition, sphingomyelin phosphodiesterase (SMase),
which converts sphingomyelin to ceramide phosphate, is
downregulated in 60% of breast tumors (37). An increase in fatty
acids such as palmitate-containing phosphatidylcholines (PC) has
also been found, especially in ER— and grade 3 tumors compared to
healthy breast tissue. Phospholipids may have diagnostic potential
as they have been associated with cancer progression and patient
survival (38). When plasma samples from breast cancer patients
and healthy controls were compared, significantly lower levels of
lysophosphatidylcholines (LysoPC) and higher levels of
sphingomyelins have been observed in plasma samples from
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cancer patients. In addition, three metabolites (LysoPC a C16:0, PC
ae C42:5 and PC aa C34:2) differentiate breast cancer patients from
healthy controls (39) (Table 1).

Lastly, the bacteria found on the skin have direct access to the
breast ducts through the nipple, so the breast tissue contains a wide
variety of bacteria, such as Staphylococcus epidermidis and Micrococcus
luteus (50, 51). Different species of bacteria perform different functions.
For example, Lactobacillus triggers protective mechanisms that include
immune activation, competitive inhibition of pathogenic strains, and
synthesis of signaling intermediates. In contrast, E. coli and
Staphylococcus induce DNA damage (40). Changes in the
microbiota of breast and intestinal tissues have been associated with
the development of breast cancer (50). Several studies even describe
correlations between dysbiosis of the tissue microbiome and the
development of breast cancer. When characterizing the microbiome
of tumor tissue and adjacent non-tumor tissue from different patients, a
higher abundance of taxa belonging to the phylum Actinobacteria was
observed in the non-tumor samples. In contrast, Firmicutes and Alpha-
Proteobacteria were significantly overrepresented in tumor tissue (52).
Healthy individuals show a significantly higher abundance of
Lactobacillus, Thermoanaerobacterium thermosaccharolyticum,
Candidatus Aquiluna sp., IMCCI13023, Anoxybacillus, Leuconostoc,
Lactococcus, Geobacillus, Methylobacterium, Turicella otitidis (40),
Prevotella, Lactococcus, Streptococcus, Corynebacterium and
Micrococcus (41). In cancer patients, there is an abundance of
Thermus scotoductus, E. coli, Bacillus cereus, Shewanella,
Corynbacterium (40), Bacillus, Staphylococcus, Enterobacteriaceae,
Comamondaceae, Bacteroidetes (41), Mycobacterium fortuitum, and
Mycobacterium phlei (42). The breast tissue microbiome of women
with enrichment in lower abundance taxa, including the genera
Fusobacterium, Atopobium, Gluconacetobacter, Hydrogenophaga and
Lactobacillus, compared to that of women with benign breast disease
(43) (Table 1).

2.2 Stratification biomarkers

Genomic alterations have been found in the different molecular
subtypes of primary breast cancer. In general, approximately 5-10%
of breast cancers are hereditary, mostly due to pathogenic variants
or mutations in the BRCAI and BRCA2 genes (53). Mutations in
BRCAI are associated with ER— and PR- tumors (54, 55), while
mutations in BRCA2 are associated with ER+ and PR+ tumors (56).
SMGs are more diverse and recurrent in both luminal subtypes,
particularly in luminal A (26), and the heat shock protein (HSP)
family has been specifically associated with different cancer types
(18). In the luminal subtype A, the most common SMG is PIK3CA
(45%), followed by MAP3K1, GATA3, TP53, CDHI, and MAP2K4
(26). Copy number gains of CCNDI, FGF3, and FGFRI have also
been identified (25). The heat shock protein (HSP) genes DNAJB4,
DNAJC18, HSPA12A, HSPA12B, HSPB2, HSPB6, HSPB7, CRYAB,
and SACS are downregulated, whereas DNAJC5B, DNAJBI3,
DNAJCI, DNAJC22, HSPBI, HSPA6, and DNAJCI2 are
upregulated (18). The luminal subtype B is characterized by TP53
and PIK3CA SMGs (29% each) (26), as well as increased copy
number of CCNDI, FGF3 and FGFRI1 (25); downregulation of HSP
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genes such as DNAJB4, DNAJC18, HSPA12A, HSPA12B, HSPB2,
HSPB6, HSPB7, CRYAB and SACS and upregulation of DNAJC5B,
DNAJB13, DNAJC1, DNAJC22, HSPBI, HSPA6, CCT5, CCT3,
HSPEI, DNAJC9, HSPDI1, DNAJC12, DNAJA4, HSPH1, CCT2,
and DNAJA3 (18). The HER2-enriched subtype presents with
HER2/ERBB2 amplification (80%), high frequency of mutations
in TP53 (72%) and PIK3CA (39%) (26). PTEN and INPP4B have
also been identified as genes of interest. Deletions in PPP2R2A,
MTAP, and MAP2K4 genes have been reported (45). Among the
HSP genes, CRYAB, SACS, DNAJB4, DNAJC18, HSPAI2A,
HSPA12B, HSPB2, HSPB6, HSPB7, HSPB8, DNAJC5G and BBSI2
are downregulated, while the upregulated genes are DNAJC5B,
DNAJB13, DNAJC1, DNAJC22, HSPB1, CCT5, CCT3, HSPEI,
DNAJC9, HSPD1, DNAJA4, HSPHI1, HYOU1, DNAJB11, CCT6A
and DNAJB3 (18). Finally, mutations in TP53 are observed in 80%
of TNBC cases, followed by alterations in PIK3RI and NFI (26).
INPP4B is another gene of interest in TNBC, and deletions in
PPP2R2A, MTAP and MAP2K4 genes have also been reported (45).
Among the downregulated HSP genes in TNBC, we found DNAJB4,
DNAJCI18, HSPAI12A, HSPA12B, HSPB2, HSPB6, HSPB7, HSPBS,
DNAJCI12 and DNAJC27. As for the upregulated genes, DNAJC5B,
HSPA6, CCT5, CCT3, HSPE1, DNAJC9, HSPD1, HYOUI,
DNAJBI11, CCT6A, HSPA5, HSPA14, CRYAA, DNAJC2 and
DNAJC6 were found (18) (Table 2).

MicroRNAs (miRNAs) are small non-coding RNAs that
modulate gene expression to regulate various cellular processes,
including those involved in breast cancer (66, 67). miR-206 is highly
expressed in ER— tumors and also targets the ERo. receptor, as do
miR-221 and miR-222 (57). In addition, DCIS and LCIS are
characterized by the upregulated expression of several miRNAs,
which are listed in Table 2 (57).

Through an integrated study combining genomics and
epigenomics, pathways unique to TNBC and non-TNBC were
identified. The most significant pathways for TNBC are retinal
biosynthesis, BAG2, LXR/RXR, EIF2, and P2Y purinergic receptor
signaling pathways, whereas in non-TNBC they are UVB-induced
MAPK, PCP, endothelial apelin, endoplasmic reticulum stress, and
host viral egress mechanisms (68). Based on the genomic and
transcriptomic landscape, Xie et al. have established a new
classification of immune subtypes of ER+/PR—/HER2- breast
cancer, termed clusters 1 to 5. Cluster 1 is characterized by an
activated but suppressive immune microenvironment, immune
infiltration, increased stromal content, and an elevated TGF-f3
response signature. Cluster 2 has an inactivated immune
phenotype. Cluster 3 has an activated immune phenotype
enriched in innate, adaptive, and immunosuppressive cells, as
well as interferon (IFN)-y response, inflammation, macrophage
upregulation, and cytolytic signatures. Cluster 4 is characterized
by an immunologically inactive phenotype and low infiltration of
the microenvironment. Finally, cluster 5 lacks immunologic
properties but presents a phenotype associated with hormonal
responses (69) (Table 2).

Several studies have investigated the classification of breast
cancers using proteomic technologies. By analyzing differential
protein expression in tissues, they identified the expression of
proteins that characterize luminal subtypes, HER2-enriched
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TABLE 2 Stratification biomarkers of breast cancer detected by different omics.

Biomarkers Subtype REF
of BC

Genomic BRCAI, miR-206 Tissue ER- (54, 57)

Genomic BRCAI Tissue PR- (47)

Genomic BRCA2 Tissue ER+, PR+ (56)
Genomic BRCAI, INPP4B, TNBC (18, 25,
PPP2R2A, MTAP, MAP2K4 TP53, PIK3R1, NF1, DNAJC12, DNAJC27, DNAJC2, DNAJC6, DNAJCSY, 26, 45,
DNAJBI11, CCT5, CCT3, CCT6A, HSPE1, HSPDI1, HYOU1, HSPB8, HSPA6, HSPA5, HSPA14, CRYAA 54, 55)

Genomic PTEN, INPP4B, Tissue HER2- (13,
PPP2R2A, MTAP, MAP2K4, HER2, ERBB2, TP53, PIK3CA, CRYAB, SACS, HSPB1, HSPB8, DNAJC5G, enriched 21, 23)

DNAJBI13, DNAJCI, DNAJC22, DNAJA4, DNAJCY, DNAJB11, DNAJB3, BBS12, CCT5, CCT3, HSPEI,
HSPDI, HSPHI, HYOUI, CCT6A

Genomic PIK3CA, MAP3K1, GATA3, TP53, CDHI, MAP2K4, CCND1, FGF3, FGFR1, CRYAB, SACS, DNAJCI12, Tissue Luminal A (18,
DNAJB13, DNAJCI, DNAJC22, HSPB1, HSPA6 25, 26)

Genomic TP53, PIK3CA, CCND1, FGF3, FGFRI1, CRYAB, SACS, HSPB1, HSPA6, CCT5, CCT3, HSPE1, DNAJC9, Tissue Luminal B (18,
HSPDI1, DNAJCI12, DNAJA4, DNAJB13, DNAJC1, DNAJA3, DNAJC22, HSPHI, CCT2 25, 26)

Transcriptomic miR-21, miR-200¢, miR-361-5p, miR-374a, miR-93, miR-182, miR-183, miR-210, miR-221, miR-7b, miR- Tissue DCIS (57)

125b, miR-127-3p, and miR-320

Transcriptomic miR-375, miR-182, miR-183, miR-96, miR-203, miR-425-5p, miR-565 Tissue LCIS (57)

Proteomic PPIaseB, Rho-GDI o, TPM4, Thymosin 0.1, PGRMCI, Liprin-a1, B-arrestin-1, fascin, DAP5, superoxide Tissue HR+ (58)
dismutase, Ral A binding protein, Galectin-1, uridine phosphorylase 2, cellular retinoic acid-binding
protein 1, protein S100-A11, nucleoside diphosphate kinase A, oul-antitrypsin

Proteomic HSP900,, laminin, GSTP1, FASN, HSP27, PGK1, GLO, CK19, HNRNPH]1, BiP, RKIP CK7, GAPDH, Tissue HER2- (58, 59)
PGK1, FUT8, HEXA, HEXB, MAN2B2, MAN1B1, MAN2A1, GALNT 2,3,6, ADH, ALDH, ACAD, enriched
PYCR1,2, PYCRL, PRODH, HNMT, KMO

Proteomic STAT1, PTEN, pMAPK, P38, P27, P21, MASPIN, CD10, FAK, EGFR, Caveolin, CD74, CK14, RCLI, Tissue TNBC (58)
MCM complex proteins, DNA polymerases, DNA damage response proteins, CDK1, CDK2, CDK®6,
PCNA, PTEN

Proteomic FBP2, FBP1, NDUF, UQCR, SDH, COX subunits, ATP5, ATP6 subunits, CA1, CA2 Tissue Luminal (59)

Proteomic EZH2 Tissue DCIS (15)

Genomic CDHI1, TGFBR2, IL11RA, TNFRSF17, CCL15, CCL14, CCR2, CD27, XCL2, IFNAR2 CD40LG, PDCD1 Tissue ILC (60)

Transcriptomic (PD-1), CD274 (PD-L1), CTLA4

Proteomic
Metabolomic [-alanine, xanthine, isoleucine, glutamate, taurine Tissue ER+ (61)
Metabolomic Glycochenodeoxycholic acid, alanine, LysoPC (16:1), valine, 2-octenedioic acid Plasma ER+ (60)
Metabolomic Carnitine, LysoPC (20:4), proline, valine, 2-octenedioic acid Plasma HER2+ (60)
Metabolomic L-Tryptophan, LysoPC(14:0), Glycoursodeoxycholic acid, Lysophosphoethanolamines (LysoPE)(18:2) Plasma Luminal A (62)
Metabolomic LysoPE(18:2), LysoPE(18:1(11Z/9Z)), LysoPC(20: 3), Biliverdin, LysoPE(16:0) Plasma Luminal B (62)
Metabolomic LysoPE(18:1(11Z)/9Z), LysoPC(0:0/16:0), Biliverdin, L-Tryptophan, LysoPE(18:2) Plasma HER2- (62)

enriched
Metabolomic LysoPE(18:1(11Z)/9Z), LysoPC(0:0/16:0), Biliverdin, L-Tryptophan, LysoPE(18:2) in HER2+; and L- Plasma TNBC (62)
Tryptophan, LysoPC(16:0/0:0), LysoPE(18:1(11Z)/9Z)
Lipidomic taurine (m/z 124.0068), uric acid (m/z 167.0210), ascorbic acid (m/z 175.0241) and glutathione (m/ Tissue IBC (61)
z 306.0765)
Lipidomic fatty acids (341.2100 and 382.3736 m/z) and glycerophospholipids (PE (P-16:0/22:6, m/z 746.5099, and PS Tissue DCIS (61)
(38:3), m/z 812.5440)
Lipidomic glycerol-3-phosphate acyltransferase Tissue HR- (63)
associated
Lipidomic GM2 Plasma ER- (64)
(Continued)
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TABLE 2 Continued

10.3389/fonc.2023.1292046

Omic Biomarkers Sample Subtype REF
of BC

Microbiomic Bordetella, Campylobacter, Chlamydia, Chlamydophila, Legionella, and Pasteurella Tissue Luminal B (65)

Microbiomic Arcanobacterium, Bifidobacterium, Cardiobacterium, Citrobacter, and Escherichia Tissue Luminal A (65)

Microbiomic Streptococcus Tissue HER2- (65)
enriched

Microbiomic Aerococcus, Arcobacter, Geobacillus, Orientia, and Rothia Tissue TNBC (65)

DCIS, ductal carcinoma in situ; ER, estrogen receptor; HR, hormone receptor; IBC, invasive breast cancer; ILC, invasive lobular cancer; LCIS, lobular carcinoma in situ; PR, progesterone receptor;

TNBC, triple negative breast cancer.

breast cancers, and TNBC. In addition, proteomic profiling of these
three breast cancer types revealed functional differences.
Cytoskeletal remodeling as well as alterations in the cell adhesion
process are found in all BC types. Luminal tumors are characterized
by increased “energy metabolism” as indicated by an elevated
expression of key proteins in gluconeogenesis, electron transport
chain and ATP synthase complex. “Immune response” is altered in
both luminal A and luminal B subtypes, while “cell cycle regulation”
is important in luminal B tumors. On the other hand, luminal
tumors show decreased expression of proteins related to metabolic
pathways, including glycolysis, serine synthesis, and glutamine
consumption. The HER2-enriched subtype is characterized by
decreased “amino acid and energy metabolism”, reduced “cellular
community” and increased “glycan biosynthesis and metabolism”.
Finally, the TNBC subtype is characterized by increased “replication
and repair”, “cell growth and death” and “translation” pathways.
Other relevant processes are “immune response” and “blood
coagulation”. The most relevant proteins involved in these
pathways are listed in Table 2 (58, 59, 70). Besides that, the
expression of the protein enhancer of zeste homolog 2 (EZH2) is
elevated in premalignant atypical ductal hyperplasia (ADH) and
even higher in DCIS compared to normal epithelium (15).
Luminal tumors have been classified into 3 proteomic clusters.
Luminal cluster-1 is enriched for RNA processing and splicing
processes but depleted for immune-related proteins including the
ones involved in antigen processing and presentation, and type I
and type II IFN signaling. Luminal cluster-2 is enriched for stromal
proteins and extracellular matrix (ECM) components. Luminal
cluster-3 has high expression of proteins for DNA replication, cell
cycle, response to DNA damage, and immune response, while
depleted for ECM components, blood coagulation, epithelial cell
differentiation, and response to estrogen and steroid hormones
compared to luminal clusters-1 and -2. In addition, significantly
higher expression of Ki67 is found in luminal cluster-3 compared to
luminal cluster-1 and -2 (71). On the other hand, 4 TNBC
subgroups have been identified according to 4 proteomic clusters.
TNBC cluster-1 has the most favorable survival and is characterized
by immune response, antigen processing and presentation, and IFN
type I and II signaling processes. TNBC cluster-2 has intermediate
survival and is enriched for ECM components, coagulation, and
humoral immune response processes. TNBC cluster-3 has
intermediate survival and is enriched for lipid metabolism,
catabolism, and oxidation-reduction processes. TNBC cluster-4
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exhibits the poorest survival and is enriched for DNA replication
and cell cycle proteins (71).

A comprehensive genomic, transcriptomic and proteomic
analysis of patients with ILC has identified mutations in
cadherin-1 (CDH1) and the phosphatidylinositol 3- kinase (PI3K)
pathway as the most common molecular alterations in ILC. In
addition, two major subtypes of ILC have been identified: an
immune-related (IR) subtype and a hormone-related (HR)
subtype: The IR subtype is characterized by upregulation of PD-
Ll mRNA, PD-1 and CTLA-4, increased sensitivity to DNA
damaging agents, and upregulation of lymphoid signaling
molecules at the mRNA level (TGFBR2, IL11RA, TNFRSF17,
CCL15, CCL14, CCR2, CD27, XCL2, IFNAR2, and CD40LG). In
addition, the IR subtype shows upregulated genes in the cytokine-
cytokine receptor interaction pathway, suggesting alterations in the
composition or functional activity of immune cells within these
tumors. Interestingly, the negative regulators of the immune
response PDCD1 (PD-1), CD274 (PD-L1) and CTLA4 are
expressed at higher mRNA levels in the IR subtype. The related
HR subtype is associated with epithelial-to-mesenchymal transition
(EMT). Moreover, the HR subtype shows higher levels of estrogen
receptors (ESR1) and progesterone receptors (PGR) and
upregulation of cell cycle genes and estrogen receptor (ER) target
genes (60) (Table 2).

Differential metabolites have been identified when comparing
HER2+ with HER2- patients, as well as when comparing ER+ with
ER- patients. Plasma samples from HER2+ patients are
characterized by increased aerobic glycolysis, gluconeogenesis and
fatty acid biosynthesis and decreased Krebs cycle. Specifically,
HER2+ is characterized by overexpression of carnitine, LysoPC
(20:4), proline, valine, and 2-octenedioic acid. Strong metabolic
differences correlate with hormone receptor status. Plasma samples
from ER+ patients reflect increased alanine, aspartate, and
glutamate metabolism, decreased glycerolipid catabolism and
increased purine metabolism. ER+ is characterized by
overexpression of glycochenodeoxycholic acid and decreased
expression of alanine, LysoPC (16:1), valine, and 2-octenedioic
acid. Many glycolytic and glycogenolytic intermediates,
components of the glutathione (GSH) pathway, the
oncometabolite 2-hydroxyglutarate (2-HG), and the
immunomodulatory tryptophan metabolite kynurenine are
elevated in ER—- compared to ER+ cancers (72, 73). Using deep
learning techniques, metabolites, and pathways have been identified
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that can discriminate between ER+ and ER- patient samples.
Among the identified metabolites, five have been proposed as
breast cancer biomarkers: B-alanine, xanthine, isoleucine,
glutamate, and taurine (49). Studies performed on plasma
samples from breast cancer patients have allowed the
identification of specific metabolomic profiles for each cellular
subtype: L-tryptophan, LysoPC(14:0), glycoursodeoxycholic acid,
lysophosphoethanolamine (LysoPE)(18:2) in luminal A; LysoPE
(18:2), LysoPE(18:1(11Z/9Z)), LysoPC(20: 3), biliverdin, LysoPE
(16:0) in luminal B; LysoPE(18:1(11Z)/9Z), LysoPC(0:0/16:0),
biliverdin, L-tryptophan, LysoPE(18:2) in HER2+; and L-
tryptophan, LysoPC(16:0/0:0), LysoPE(18:1(11Z)/9Z) in TNBC
(62) Table 2. When plasma samples from patients with mutated
BRCAI and non-mutated BRCAI were compared, the levels of
adenine, N6-methyladenosine, and 1-methylguanine were found to
be significantly lower in patients with BRCAI mutations (74).

The lipidomic profiles of invasive breast cancer (IBC), DCIS
and benign surrounding tissue (BAT) have been investigated. IBC is
characterized by the presence of polyunsaturated fatty acids,
deprotonated glycerophospholipids and sphingolipids. IBC can be
distinguished from BAT by the presence of highly saturated lipids
and antioxidant molecules. DCIS differs from IBC by lipids
associated with cell signaling and apoptosis (61). Lipidomics have
allowed the identification of glycerol-3-phosphate acyltransferase
(GPAM), an enzyme involved in triacylglycerol and phospholipid
biosynthesis, which shows increased cytoplasmic expression in HR-
associated breast cancer and improved OS (63) (Table 2).

Finally, Benarjee et al. have identified a local microbial signature
associated with each type of breast tumor. Actinomyces, Bartonella,
Brevundimonas, Coxiella, Mobiluncus, Mycobacterium, Rickettsia,
and Sphingomonas are common in all types of breast cancer. In the
luminal A subtype, Arcanobacterium, Bifidobacterium,
Cardiobacterium, Citrobacter, and Escherichia are detected.
Bordetella, Campylobacter, Chlamydia, Chlamydophila, Legionella,
and Pasteurella are associated with the luminal B subtype. The
HER2-enriched subtype is characterized by the presence of
Streptococcus, whereas Aerococcus, Arcobacter, Geobacillus,
Orientia, and Rothia are associated to with TNBC (65) (Table 2).

2.3 Prognostic biomarkers

The various omics technologies have allowed the identification
of prognostic biomarkers in both solid and liquid samples. Gene
expression analysis have identified genes associated with good and
poor prognosis in breast cancer (18). In addition, using data from
breast cancer databases (TCGA-BRCA and CMI-MBC), a 45-gene
optimal prognostic gene signature has been constructed from genes
regulated by tumor-associated macrophages (TAMs). All these
genes are listed in Table 3 (75).

Not only genomic but also epigenomic differences have been
found. By applying a powerful integrative network algorithm to
paired DNA methylation and RNA-Seq data from ER+ breast
cancer and adjacent healthy tissue, it has been shown that
increased levels of DNA methylation and alterations in mRNA
expression can predict poor prognosis. In particular, epigenetic
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silencing of WNT signaling antagonists and bone morphogenetic
proteins (BMPs) has been observed in both luminal subtypes, but
predominantly in luminal B breast cancer (76). Davalos et al.
identified hypermethylation of RASSFIA and PITX2 associated
with poor prognosis in early stage of breast cancer (77).

Various proteomic analyses have validated proteins related to
apoptosis, cell cycle arrest, cell adhesion, cytokeratins, cell
metabolism and lipid binding as prognostic biomarkers of breast
cancer OS (78, 79). Elevated expression of serine
hydroxymethyltransferase 2 (SHMT2) correlates with poor OS
and relapse-free survival (RFS), the amino acid transporter
ASCT2 (SLC1A5) correlates with poor RFS (80), endoplasmin
(HSP90B1) has been associated with distant metastasis and worse
OS, and decorin (DCN) has been associated with lymph node
metastasis, increased number of positive lymph nodes and worse
OS; and (81). Finally, increased levels of E-cadherin and B-catenin
correlate with poor survival in invasive breast cancer but not in
lobular carcinoma (82) (Table 3).

An analysis of breast cancer transcriptomic and proteomic data
from the Clinical Proteomic Tumor Analysis Consortium (CPTAC)

TABLE 3 Prognostic biomarkers of breast cancer detected by
different omics.

Omic Biomarkers Prognosis REF

Genomic HSPA2, DNAJBS5,

HSCB, HSPAI2B

Good (18)

Genomic CCT6A, DNAJA2, HSPA14,
CCT7, HSPD1, CCT2, HSPA4,
DNAJC6, CCT5, SEC63, HSPH1,
CCT8, CCT4, HSP90AA1, HSPAS,

DNAJC13, HSPA9, TCP1

Poor (18)

Genomic CS, SMARCE]L, IGSF9B, SYTLA4, - (75)
CEMIP, EMC2, FHL2, RAMP3,
CISD1, PAICS, TTI2, FIBCDI,

ZCCHCY, VAV3, LIMD2, TANK,

PAK®6, ETFA, PRDM]16,
ADAM15, NFKBIZ, DDAH1,
CC2D1B, SH2B2, ACYP2,

ENDOV, KBTBDI11, AL162595.1,
PCEDIB, LYSMD4, TRMT2B,
SLC6A9, NOSIAP, LINC01291,
PSMB10, RPL12P38, ZNF888,

AL391845.1, LINC02585,
LINC01431, AC099520.2, CEP95,
MIR4713HG,
RBM15B, AC061992.2
Epigenomic Increased levels of DNA Poor (76,

methylation, alterations in 77)
mRNA expression,
hypermethylation of RASSF1A
and PITX2

Proteomic BCL2, CDH1, CLDN3, CLDN7, - (78,

NADP, IDH2 CRABP2, SEC14L.2 79)

Proteomic SHMT?2, SLC1A5, decorin, Poor (75,
endoplasmin, E-cadherin, 76,

B-catenin 80)

FLT1, FADD, ALDOA, CXCL,
FGFR1, PLCB3, PPP2R2A, RPA1

Proteomic Poor (78)

Transcriptomic

“-” means without information.
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resource has identified 2 candidates associated with survival: Fms-
related receptor tyrosine kinase 1 (FLT1) in TNBC, Fas-associated
death domain (FADD) protein with the luminal type, while 8
candidates: Fructose-bisphosphate aldolase A (ALDOA), C-X-C
motif chemokine (CXCL)16, fibroblast growth factor receptor 1
(FGFR1), 1-phosphatidylinositol 4,5-bisphosphate
phosphodiesterase beta-3 (PLCB3), serine/threonine protein
phosphatase 2A 55 kDa regulatory subunit B alpha isoform
(PPP2R2A), and replication protein Al (RPA1) are clearly
associated with poor survival in the HER2-enriched type (83). Of
note, protein glycosylation correlates with increased tumor burden
and poor prognosis in breast cancer (84) (Table 3).

3 Omics data on the onset of
breast cancer

Early-stage breast cancer lesions are so small that there may be
insufficient material for analysis and it is difficult to obtain
accurate data.

The onset of breast cancer is characterized by abnormal
paracrine and autocrine signaling, as genes that are highly
expressed in healthy breast epithelium are lost in carcinomas,
including genes encoding cytokines such as LIF, IL-6, and HIN-1,
also known as SCGB3A1I, and chemokines such as IL-8, GROq,
GROp, and MIP3¢, also known as CCL20 (85). In addition, genes
silenced by hypermethylation have been identified as responsible
for mammary carcinogenesis, including TWIST, RASSF1A, CCND2,
HINI1, BRCA1, APC, GSTPI1, BINI, BMP6, ESR2, CDKN2A,
CDKNIA, TIMP3 and CST6, as well as the WNT-negative
regulators WIF1 and DKK3 (77). In addition, two methylated
modifications (H3K9 me2 and me3) of the DNA packaging
protein histone H3 decrease during cancer transformation, and
the demethylase KDM3A/JMJD1A gradually increases (86). On the
other hand, methylated genes such as ITTH5, DKK3, RASSFIA, SFN,
CDKN2A, MLH1, HOXD13 and PCDHGB?7 have been proposed as
potential markers for early detection of breast cancer.
Hypermethylation of RASSFIA, CCDN2, HINI and APC
correlates mainly with HR+ breast cancer, whereas
hypermethylation of CDHI and CDHI13 is more frequent in
TNBC patients (77). Furthermore, the expression of
olfactomedin-4 (OLFM4) is higher in non-invasive breast tumors
than in invasive breast cancer. Therefore, OLFM4 may also be a
biomarker for early breast cancer (87) (Figure 2A).

Alterations in circulating metabolites have been identified in
premenopausal women that may predict the development of breast
cancer. In fact, ten metabolites listed in Figure 2A have been
associated with breast cancer risk (88). Metabolomic signatures of
the taurine and hypotaurine pathways and the alanine, aspartate
and glutamate pathways obtained from the plasma of breast cancer
patients are critical for early diagnosis (89). In addition, six
metabolites and eight metabolic pathways have been identified in
blood samples that can be used in the early diagnosis of breast
cancer. Of the six metabolites, ethyl (R)-3-hydroxyhexanoate,
caprylic acid, and hypoxanthine are noteworthy. Of the eight
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metabolic pathways identified, fatty acid and aminoacyl-tRNA
biosynthesis and inositol phosphate metabolism are the pathways
most implicated in the early diagnosis of BC (90). Alterations in
lipid metabolism favor processes such as growth, proliferation, and
motility of cancer cells, favoring tumor progression (91). The
detection of lipids in human plasma samples has led to the
identification of diagnostic biomarkers that reflect the early stage
of TNBC (ES-TNBC). Diacylglycerol (DG) 34:2 is significantly
downregulated in the TNBC subtype. Furthermore, a panel of 5
lipids (DG 34:2, PC 40:3, PC 39:8, PC 34:0 and PC 38:9) can
differentiate TNBC from non-TNBC and ES-TNBC from ES-non-
TNBC. Finally, in TNBC, ceramides are upregulated, whereas DG
and LysoPC are downregulated and PC fluctuates (92) (Figure 2A).

4 Omics data on the progression of
breast cancer

Genomic evidence suggests that IDC is a consequence of DCIS
progression. Genes and/or signaling pathways are altered during
tumor progression. The most significant changes occur during the
transition from normal tissue to carcinoma in situ. In addition to
the loss of LIF, IL-6, HIN-1, IL-8, GROo, GROf and MIP3¢ in
carcinomas, glutamine synthase (GS) and desmoplakin (DSP) are
the only two genes specifically upregulated in DCIS, while the
metabolic enzymes 3-phosphoglycerate dehydrogenase and
glyceraldehyde dehydrogenase and mitochondrial NADH:
Ubiquinone dehydrogenase and NADH dehydrogenase 1o, have
been observed in invasive carcinomas (85). Videlicet, cancer cells
have important metabolic alterations (Figure 2B).

Downregulated genes in DCIS include TM4SF1, NFKBIA,
PBEF, RASD1, TNFRSF10B, TNFAIP, CLU, NSEP1, LITAF/PIG7,
BZW1, and CCNLI, as well as genes encoding several cytokines and
chemokines such as ILF2, ILI3RA1, LIF, CLC, CCL2, and CXCLI.
Some transcripts are frequently overexpressed in the DCIS such as
PKD]I-like, STARD10, EPS8L2, and KIAA0545. Some of these genes
are associated with nuclear factor kappa-light-chain-enhancer of
activated B cells (NFxB) and tumor necrosis factor (TNF) pathways,
resulting in impaired apoptosis and sustained proliferation of breast
cancer cells (93). In IDC, upregulated genes can be grouped into
genes related to cell cycle, extracellular matrix or secreted proteins,
cell adhesion and motility, and signal transduction. Several
underexpressed genes have also been detected in IDC, such as
TM4SF1, TRAF4, PPARBP, AKRIAI, RSRPI, MAPILC3A and
RBBP6 (93). As for ILCs, they are characterized by CDHI
alterations, as well as dysregulation in the PI3K/Akt pathway due
to mutations in PIK3CA, PTEN alterations, and mutations in AKT1
(94) (Figure 2B).

Transcriptomic analysis of tumor cells and their corresponding
adjacent microenvironment cells [belonging to the Molecular
Taxonomy of Breast Cancer International Consortium
“METABRIC” cohort (95)] have shown that CDHI mutation may
deregulate immune cells in the tumor microenvironment (96).
Expression of genes encoding the o and B subunits of the
integrins ITGA4, ITGB2, ITGAX, ITGB7, ITGAM, ITGAL and
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Biomarkers of breast cancer at different time points of tumor development detected by omics. Summary of markers observed in breast cancer onset
(A), progression (B) and metastasis/relapse (C) detected by genomic, transcriptomic, proteomic, metabolomics, lipidomic and/or microbiomic. 87
immune gene signature includes LAG3, RELB, CCL2, IFNG, MSH6, ZC3HAV1, CD68, ORMI, LYZ, USP14, SLA2, HERCS5, LAMP3, NONO, BATF, FCERIG,
CCRS5, REL, DTX3L, HMGB2, C2, CLEC4E, CLEC4D, CLEC7A, IL12A, CXCL10, CXCL11, RASGRP1, HAVCRZ2, ICOS, ATRIP, TRIM25, RNF166, CCR8, CSF1,
NFAM1, TUBB4B, LYAR, CLEC12A, IL27, PIK3CG, XRCC6, PARP9, DNAJC5, MPEGI, TIFA, TLR1, CD47, EXO1, NCF2, SLAMF7, CTSS, GBP5, GBP4, GBP1,
CREGI1, RNF19B, RC3H2, RAB14, SYK, ACTR2, KCNAB2, OPTN, DDX58, IL2RA, JAK2, CLEC6A, LYST, CCL25, CCL8, HLADRA, RAB27A, PTK2B,
PDCDILG2, IFI30, TLR6, DSN1, HLA-DOB, CXCR6, TNF, IL10, SERPINAL, GSDMD, TRAF3, IL12RB1, CCL5 and LIG4.

ITGAS8 correlates positively with the presence of immune cell
infiltrates in the tumor, with markers of T cell activation and
antigen presentation, and with immunosurveillance gene
signatures. Expression of these integrins indicates a favorable
prognosis in TNBC and HER2-enriched breast cancers. In
contrast, expression of IBSP, ITGB3BP, ITGB6, ITGB1 and
ITGAYV predict a poor outcome (97) (Figure 2B).

Epigenetic modifications also contribute to breast cancer
progression. For example, DNA methylation causes
transcriptional silencing of tumor suppressor genes such as
RASSFI1A, RARB, SFN and TGM2 (98). Genome-wide
methylation analysis revealed that CpG sites were
hypermethylated and hypomethylated after CRY2 silencing. These
data suggest that the absence of CRY2 causes epigenetic
dysregulation of genes leading to breast cancer progression (99).
The differences in miRNA expression profile are greater in IDC
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than in ILC compared to their respective carcinomas in situ. Thus,
IDC is characterized by upregulation of let-7d, miR-210 and miR-
221 and downregulation of miR-10b, miR-126, miR-143, miR-218,
and miR-335-5p. In contrast, ILC is characterized by upregulation
of miR-9, miR-375, miR-182 and miR-183 (57) (Figure 2B).
Proteomic analysis of plasma samples from hereditary BC
patients carrying a mutation in the BRCAI gene has shown that
gelsolin, whose loss negatively correlates with tumor progression, is
downregulated in these samples. In addition, its levels are associated
with BRCAI mutational status (100) (Figure 2B). Furthermore, O-
GlcNAcylation is increased in primary malignant breast tumors,
and this increase is associated with increased expression of O-
GlcNAc transferase in grades II and III breast tumors (31).
Metabolomic and transcriptomic data integration studies have
enabled the identification of genes, pathways, and metabolites as a
part of a cancer prediction model and a better understanding of

frontiersin.org


https://doi.org/10.3389/fonc.2023.1292046
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Alvarez-Frutos et al.

cancer progression. For example, adenosine monophosphate
deaminase 1 (AMPDI) and ribonucleotide reductase regulatory
subunit M2 (RRM2), which are involved in purine metabolism,
have been associated with survival in breast cancer patients.
Therefore, dysregulation of the purine metabolism pathway may
influence breast cancer progression (101). Lipidomic analysis has
identified two biomarkers capable of differentiating benign from
malignant breast tumors: phosphatidylinositol (PI) (16:0/16:1) and
PI (18:0/20:4). In addition, PI (16:0/18:1), phosphatidylglycerol
(36:3) and glucosylceramide (d18:1/15:1) have been identified as
potential biomarkers for assessing the degree of malignancy of
breast tumors (102) (Figure 2B).

Microbiota dysbiosis contributes to breast cancer progression
through its effects on skin and breast tissue. The presence of Listeria
fleischmannii in breast tumor tissue is associated with epithelial-
mesenchymal transition (EMT), whereas Haemophilus influenza
correlates with tumor growth, cell cycle progression, E2F signaling,
and mitotic spindle assembly (51). Alterations in the gut
microbiome alter the production of bacterial metabolites that may
influence tumor progression in breast cancer. Uric acid, glycolic
acid, d-mannitol, 2,3-butanediol and trans-ferulic acid exert
cytostatic effects, while 3-hydroxyphenylacetic acid, 4-
hydroxybenzoic acid and vanillic acid stimulate breast cancer
proliferation in vitro. In addition, 3-hydroxyphenylacetic acid, 4-
hydroxybenzoic acid, 2,3-butanediol and hydrocinnamic acid
inhibit EMT, and 2,3-butanediol has both cytostatic and anti-
EMT properties (103). Gut microbiota may affect tumor
progression by influencing the cancer-immunity dialogue. Gut
bacteria elicit a complex and coordinated set of innate and
adaptive immune responses to maintain tissue homeostasis.
Consequently, when the microbiota-host balance is disrupted and
dysbiosis occurs, increased production of inflammatory mediators
is observed, which is associated with cancer progression. Low
diversity in the gut microbiome is associated with decreased
lymphocyte level and increased number of neutrophils, as well as
decreased survival in breast cancer patients (51) (Figure 2B).

5 Omics data in relapsed and/or
metastatic breast cancer

Between 7% and 11% of early breast cancers recur locally within
5 years after treatment, and 20% to 30% of primary breast cancers
develop distant metastases. According to a study based on
Surveillance, Epidemiology, and End Results Program (SEER)
data for 2010-2013, the most common sites of breast cancer
metastasis are bone (30-60%), lung (21-32%), liver (15-32%), and
brain (4-10%) (104). Different molecular subtypes of breast cancer
are associated with organ-specific metastases. Thus, luminal
subtypes A and B metastasize primarily to the bone, the HER2-
enriched subtype to the brain and liver, and TNBC to the lung
(105). Genomic analyses have shown that metastases retain the
same molecular subtype and prognostic signature as their primary
tumors. These data suggest that metastatic potential is already
determined in the primary tumor. The poor prognostic signature
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consists of genes that regulate cell cycle, invasion, metastasis, and
angiogenesis (106, 107). Common alterations in TP53 (51%) and
PIK3CA (49%), as well as mutations/deletions in NFI (15%),
mutations in PTEN (10%), and mutations/deletions in ARIDIA
(15%) have been identified in metastatic breast cancer tumors (108).
Bone metastases of breast cancer are characterized by increased
expression of the TFF1, TFF3, AGR2, NATI and CRIPI genes, as
well as the chemokine receptors CXCR4 and C-C chemokine
receptor type 7 (CCR7), and upregulation of the zinc finger
protein SNAI1 (SNAI1) (45, 109), which is involved in the
induction of EMT (110). In breast to lung cancer metastasis, a
number of genes such as MMPI, MMP2, CXCL1, PTGS2, IDI,
VCAM]1, EREG, SPARC, and IL13RA2 have been identified in breast
to lung cancer metastasis that promote and are clinically correlated;
as well as the mitogen-activated protein kinases (MAPK), NF«kB
and vascular endothelial growth factor (VEGF) signaling pathways
(111) (45). Mutations in the ESR1, AKT1, ERBB2, and FGFR4 genes
have been observed in metastatic breast tumors in the liver (45, 112,
113). Transcriptome analysis revealed that the TNF-o pathway is
upregulated in lung metastases compared to liver metastases (114).
ATAD?2, DERLI and NEK2A have been shown to be overexpressed
(115-117), whereas ATM, CRYAB and HSPB2 genes are often
suppressed and/or underexpressed in breast cancer metastases to
the brain (45, 118, 119), (Figure 2C). The AURORA study,
consisting of genomic and transcriptomic profiling in matched
primary tumors and early metastases, has described the key role
of somatic mutations GATAI and MENI in metastasis. In addition,
the enrichment of ESRI, PTEN, and PIK3CA in metastases have
been determined, as well as CDHI and RBI mutations, MDM4 and
MYC amplifications, and ARIDIA deletions (120). Of note, TP53
mutations and MYC amplification are associated with shorter time
to relapse (25). Eight common genes have been found to have
significant effects on TNBC survival (ELOB, SLC39A7, TIMM13,
BANFI, NDUFS1, NDUFB7, TRAPPC5, and MVD). Finally, a
signature of 87 immune genes has been established that is highly
predictive of pathologic complete response (pCR), which in turn
correlates with improved OS and distant metastasis-free survival
(DMES) (121). These 87 immune genes are shown in Figure 2C.

The immune system is involved in the development of cancer,
from tumor initiation to metastasis (122). Patients with stage 3 and 4
breast cancer have a higher percentage of immunosuppressive cells
(granulocytic myeloid-derived suppressor cells (MDSCs),
CD14"CD16" intermediate monocytes, and CD127 CD25"¢"FoxP3*
Treg cells). Inflammation-related genes are differentially expressed in
TNBC. In fact, low expression of CD163 and CXCR4 together with
high expression of thrombospondin 1 (THBSI1) correlates with an
increased risk of relapse and poor survival in TNBC (123). The
proinflammatory cytokines serum amyloid A (SAA) and IL-18 are
elevated in the serum of patients with recurrent breast cancer.
Therefore, SAA and IL-18 may be prognostic markers for breast
cancer recurrence (124) (Figure 2C).

miRNAs are also involved in cancer migration and metastasis.
miR-21, miR-10b, miR-373 and miR-520c promote metastasis,
whereas miR-126, miR-335, miR-31, miR-146a, and miR-497
suppress metastasis. miR-9 is associated with local recurrence and
ER+ tumors, whereas miR-10 is involved in cell proliferation,
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migration, and invasion (57). On the other hand, Cyclin D2, RAR-
beta, Twist, RASSF1A and HIN-I genes show increased methylation
in bone, brain and lung metastases compared to primary breast
cancer, with HIN-1 and RAR-beta methylation significantly higher
in each group (125). Hypermethylation and downregulation of
genes involved in breast cancer progression or EMT, such as
LYN, MMP7, KLKI10 and WNT6, are associated with a
significantly lower risk of metastatic relapse (126). Furthermore,
H3K4 acetylation has been correlated with breast cancer
progression, estrogen responsiveness, and the oncogenic EMT
pathway. Therefore, H3K4 is a potential biomarker for tumor
progression leading to aggressive metastatic phenotypes
(127) (Figure 2C).

Other biomarkers have been identified using other omics
techniques. As mentioned above, E-cadherin is considered a good
prognostic marker in non-invasive breast cancer, and loss of E-
cadherin protein is one of the main features of EMT (82).
Furthermore, a metabolomic study has identified 9-cis-retinoic
acid as a critical metabolite in breast cancer progression, as it
significantly decreased during breast cancer progression to
metastasis. This suggests that 9-cis-retinoic acid inhibits tumor
progression to metastasis, probably by attenuating cell invasion and
migration (128). Combining lipidomic techniques with
transcriptomic analysis, PI (18:0/20:3) accumulation has been
found to be associated with an increased incidence of lymph node
metastasis and activation of the PD-1-related immune checkpoint
pathway (129).

Finally, alterations in the microbiota have also been observed to
influence breast cancer metastasis. The presence of Bacteroides
fragilis, a gut-colonizing bacterium, can induce epithelial
hyperplasia to promote tumor growth and metastasis via the [3-
catenin-Notchl axis (130). In addition, Fusobacterium nucleatum
promotes tumor progression and metastasis (131) (Figure 2C).

6 Omics and treatment implications

Molecular changes that occur during cancer treatment
determine the response to different therapies and guide the
optimal choice of treatments to reduce local recurrence and
distant metastasis, thereby increasing disease-free survival. The
various omics are key to identifying these molecular changes. In
fact, several clinical trials are based on one or more
omics technologies.

Classically, aromatase inhibitors are recommended for patients
with ER+ metastatic breast cancer because they suppress estrogen
production. Trastuzumab and lapatinib are administered to patients
with HER2-enriched breast tumors, as trastuzumab is a humanized
monoclonal antibody against the extracellular domain of HER2,
and lapatinib is a tyrosine kinase inhibitor that blocks both HER2
and EGFR activation. However, in light of the omics findings, more
refined treatments may be considered according to genomic
alterations. For example, both luminal subtypes frequently harbor
mutations in PIK3CA, so inhibitors of this kinase may be a
therapeutic target; MYC amplification suggests the use of
platinum analogs and taxanes; and, patients with BRCAI/2
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mutations may benefit from poly ADP ribose polymerase (PARP)
inhibitors and/or platinum compounds (44). The RAS/RAF/MEK/
ERK signaling pathway is altered in tumors that overexpress EGFR
and HER2. Since this kinase cascade is critical for survival and
apoptosis, alterations in this pathway could affect sensitivity/
resistance to anticancer therapies. Mutations in KRAS, HRAS,
NRAS, BRAF and NFI have been observed in all breast cancer
subtypes, although their frequency does not exceed 4%. However,
copy number alterations (CNAs) of KRAS and BRAF have been
observed in TNBC. Therefore, the use of inhibitors of these kinases
in combination with other therapies may delay or induce resistance
to treatment (132). ESRI methylation is considered a good predictor
of survival in tamoxifen-treated patients, whereas ARHI
methylation predicts survival in non-tamoxifen-treated patients.
BRCAI hypermethylation, in turn, sensitizes TNBC patients to
DNA-damaging chemotherapeutic agents such as cisplatin and
PARP inhibitors (77). The prevalence of the PI3K/AKT/mTOR
signaling axis has been observed in TNBC. The c¢-Kit protein, a
receptor tyrosine kinase involved in the initiation of this cascade, is
overexpressed in 20-25% of TNBC, hence, the tyrosine kinase
inhibitors (TKIs) such as imatinib or sunitinib are used in the
treatment of these cancers (133) (Table 4).

The endoplasmic reticulum protein KIAA1199, which is
involved in tumor growth and invasiveness, is significantly
overexpressed in breast tumor samples. Therefore, KIAA1199 is
considered a new target for biomarker development and a novel
therapeutic target for breast cancer (134, 135). Similarly, cofilin-1
(CFL-1), interleukin-32 (IL-32), proliferating cell nuclear antigen
(PCNA), syntenin-1 (SDCBP), and riboforin-2 (RPN-2) have been
identified as potential target antigens for HLA-A2+ TNBC
immunotherapy (136), or the proto-oncogene RET and kallikrein
(KLK)8 as antigens associated with breast cancer in general (137).

Metabolic and lipidomic profiling of TNBC samples combined
with transcriptomic and genomic data have identified a number of
metabolites as potential therapeutic targets for different
transcriptomic subtypes of TNBC. The LAR subtype is
characterized by an enrichment of ceramides and fatty acids.
Therefore, sphingosine-1-phosphate (SI1P), an intermediate of the
ceramide pathway, may be a promising drug for the treatment of
LAR tumors. In contrast, the basal-like immunosuppressed
transcriptomic subtype (BLIS) is characterized by increased
metabolites related to oxidation reaction and glycosyl transfer and
the lowest level of metabolic dysregulation. In this case, N-acetyl-

TABLE 4 Refined treatments that take into account genomic studies.

Alteration Treatment REF

Mutations in PIK3CA Inhibitors of PI3KA (44)

Myc amplification Platinum analogs and taxanes (44)

Mutation in BRCA1/2 PARP inhibitors and (44)

platinum compounds

BRCA1 Cisplatin, PARP inhibitors (77)
hypermethylation

c-Kit overexpression Imatinib, sunitinib (133)
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aspartyl-glutamate has been identified as a key tumor-promoting
metabolite and a potential therapeutic target for high-risk BLIS
tumors (138). Furthermore, high levels of sphingomyelins are
associated with improved DFS in patients with TNBC. Therefore,
sphingomyelins and enzymes involved in sphingolipid metabolism
could be considered as prognostic markers and potential
therapeutic targets, respectively (139). Omics studies can also
identify specific pharmacological pathways of resistance and
sensitivity of tumor cells to different therapies. For example, a
combination of TP53 deficiency and silencing of BRCAI, BRCA2, or
BRCA1/2-associated genes results in cisplatin sensitivity (140).
PI3KCA mutations alone or in combination with PTEN appear to
predict worse outcome after trastuzumab monotherapy or in
combination with chemotherapy (141). BRCA1/2-deficient cells
are sensitive to PARP1 inhibitors. In addition, silencing of kinases
such as cyclin-dependent kinase 5 (CDK5), mitogen-activated
protein kinase 12 (MAPKI12), polo-like kinase 3 (PLK3),
polynucleotide phosphatase/bifunctional kinase (PNKP), serine/
threonine kinase (STK)22c, and STK36 strongly sensitize to
PARP inhibitors (142). Cyclin-dependent kinase (CDK)10 has
been identified as a determinant of resistance to endocrine
therapies such as tamoxifen, as low CDK10 levels lead to early on
tamoxifen treatment (143) (Figure 3A). The classic treatment for
HR+ breast cancer is endocrine therapy. However, approximately
30% of patients develop resistance to endocrine therapy. A
transcriptomic/proteomic study has identified the set of candidate
genes CEACAM1, KRT19, TMEMS81, TMEM119, ESRRA, ERBB3,
SRC, AKTISI, SGEF, SCG5, ALOX12B, CKB, BID, XRCCI, NSL1,
and CHEK2 that are able to discriminate progression/resistance
(PD) from complete response (CR) and correlate significantly with
survival (144). In addition, 298 differentially expressed genes were
identified between drug-sensitive (DS) and drug-resistant (DR)
breast cancer patients prior to neoadjuvant treatment. Among
them, the peptidyl-prolyl cis-trans isomerase FKBP4 (FKBP4) and
the protein S100-A9 (S100A9) could be putative predictive markers

10.3389/fonc.2023.1292046

to distinguish the DR group from the DS group of breast cancer
patients (145).

Metabolic studies have identified biomarkers that predict
response to treatment. For example, glycohyocholic and
glucodeoxycholic acids can stratify TNBC patients according to
response to neoadjuvant chemotherapy and OS (146). On the other
hand, when comparing patients with large primary breast cancer who
had received neoadjuvant chemotherapy plus bevacizumab with
those who had received chemotherapy alone, higher levels of
leucine, acetoacetate and trihydroxybutyrate and lower levels of
formate were observed 12 weeks after treatment (147).
Furthermore, baseline immunometabolic assessment in
combination with ER status could predict the response to
neoadjuvant targeted chemotherapy (NATC) based on patient
trastuzumab-paclitaxel combination and disease relapse in HER2+
patients. HER2+/ER+ patients have higher levels of T-cell stimulating
factors, but also higher levels of cytokines that might be responsible
for T-cell suppression. The combination of metabolic data with IL-2
and IL-10 cytokine levels has been shown to be prognostic for relapse
(148). In addition, serum metabolites such as leucine, formate, valine,
and proline, along with hormone receptor status, have been shown to
be discriminators of NATC response. For example, formate, proline,
valine, HR+, and HER2- are directly associated with NATC
resistance. In contrast, leucine, HR— and HER2+ are directly
related to NATC sensitivity. In addition, glyoxylate and
dicarboxylate metabolism have been implicated in NATC resistance
(149) (Figure 3A).

Pathologic complete response (pCR) and residual disease have
been correlated with the genome, transcriptome, and tumor
immune microenvironment in patients with early and locally
advanced breast cancer undergoing neoadjuvant therapy (150).
The pCR is associated with overexpression of driver genes such as
CDKN2A, EGFR, CCNEI, and MYC and underexpression of
CCND1, ZNF703, and ESRI, as well as increased immune
activation characterized by enrichment of innate and adaptive
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FIGURE 3

Biomarkers of breast cancer defining treatment outcome detected by omics. Biomarkers identified by different omics can determine drug sensitivity/
resistance (A) or type of response to treatment (B). NATC, neoadjuvant targeted therapy; pCR, pathological complete response; pPR, pathological
partial response; pSD, pathological stable disease. “up arrow” means increase.
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immune cells. However, tumors with residual disease, particularly
HER2- tumors, showed enrichment of EMT and attenuated
immune response due to the enrichment of inhibitory CD56%™
natural killer cells and regulatory T cells, leading to therapy
resistance (150). In transcriptomic profiling, HSP90AA1, EEFIAI,
APP and HSPA4 were associated with recurrence in breast cancer
patients with pCR due to neoadjuvant chemotherapy. TP53, EGFR,
CTNNBI, ERBB2 and HSPBI may play an important role in the
survival of pCR patients. Patients with tumors expressing high
levels of HSP90AA1, HSPA4, S100A8, and TP53 and low levels of
EEFIAI, EGFR and CTNNBI showed significantly worse overall
survival (OS) (151) (Figure 3B). A set of genes including AKTISI,
NSLI, ESRRA, TMEMS8I1, CKB, SGEF, KRT19, SCG5, CEACAM1,
ALOX12B, IDB, SRC, CHEK2, ERBB3 and XRCCI have been
identified as critical targets of both selective estrogen receptor
modulators (SERMs)/selective estrogen receptor downregulators
(SERDs) and aromatase inhibitors (AIs) of endocrine
resistance (144).

A systemic metabolic study showed that patients with large
primary breast cancers undergoing neoadjuvant chemotherapy with
poor response have higher citrate levels and lower histidine levels
(147). In addition, TNBC patients with pCR had elevated levels of
circulating T-methylhistidine, phenylalanine, m-methylhistidine,
lactic acid, glucose, alanine, glutamic acid, citric acid,
dimethylamine and phosphocholine, whereas patients with or
pathological stable disease (pSD) had elevated levels of valine, 2-
aminobutanoic acid, propionic acid, ethanol, proline, asparagine,
and N,N-dimethylglycine. Finally, TNBC patients with pathologic
partial response (pPR) had high levels of 2-hydroxyisovaleric acid,
acetoacetate, trimethylamine, creatine, myo-inositol and ornithine,
but low levels of five metabolites, namely isoleucine, phenylalanine,
threonine, dimethylamine and glycerophosphocholine (Figure 3B).
Therefore, we can infer that alterations in the pathways of glycine,
serine, and threonine metabolism; valine, leucine, and isoleucine
biosynthesis; and alanine, aspartate, and glutamate metabolism
could be used as potential models to predict whether a patient
with TNBC is suitable to receive neoadjuvant chemotherapy (152).

The relevance of all these biomarkers lies in their translational
potential to identify specific treatments for breast cancer. Several
clinical trials are ongoing. A Phase I program conducted at the
University of Texas MD Anderson Cancer Center demonstrated
that patients who received alteration-matched therapy had a higher
objective response rate (ORR), PFS, and OS compared to
unmatched therapy (153).

One of the most important clinical trials based on genomic
studies is the “Microarray In Node Negative Disease may Avoid
ChemoTherapy” (MINDACT). The MINDACT clinical trial aims
to demonstrate the clinical relevance of the 70-gene prognostic
signature (or MammaPrintTM) determined by van’t Veer (106) and
to compare it with the traditional clinicopathologic prognostic
indicators for the assignment of adjuvant chemotherapy in
patients with node-negative breast cancer (154). As a result,
MammaPrint * was found to be effective as traditional tools in
identifying high-risk patients, but more accurate in identifying low-
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risk patients who could avoid adjuvant chemotherapy (155, 156).
This gene signature outperforms all traditional clinical prognostic
factors and clearly discriminates patients with an excellent
prognosis from those at high risk of recurrence (157, 158). Phase
III results showed that approximately 46% of women with clinically
high-risk breast cancer are unlikely to need chemotherapy (159).
Women with high clinical risk and low genomic risk younger than
50 years had excellent DMFS when treated with endocrine therapy
alone (160). In addition, patients with ER+, HER2— and stage I
lymph node-negative tumors <2 cm treated with endocrine therapy
had significantly fewer breast cancer events (161). On the other
hand, no improvement in outcomes was observed with the use of
docetaxel-capecitabine compared with anthracycline-based
chemotherapy (162). Last year (2022), the Austrian Group
Medical Tumor Therapy prospective registry confirmed that the
addition of MammaPrint " to the routine treatment of early
luminal breast cancer yields clinically useful results (163).

Concurrent with the MINDACT clinical trial in Europe, the
Trial Assigning Individualized Treatment Options Rx (TAILORx)
was conducted in North America with the goal of reducing
chemotherapy overtreatment by integrating molecular diagnostic
testing into the clinical decision-making process. TAILORx is based
on a 21-gene based assay (Oncotype DX™) that calculates a
recurrence score (RS) and reserves chemotherapy for patients
with a low RS (164). Women with a high RS who were treated
with adjuvant chemotherapy regimens containing taxanes and/or
anthracyclines plus endocrine therapy had an estimated 5-year
freedom rate from distant breast cancer recurrence of 93% (165).
In patients with ER+, HER2-, lymph node-negative and
intermediate RS, adjuvant endocrine and chemoendocrine
therapy had similar efficacy, although chemotherapy had some
benefit in some women aged 50 years or younger (166). Among
women with intermediate RS, Hispanic ethnicity and Asian race
were associated with better outcomes. However, Black race was
associated with worse clinical outcomes and did not benefit from
adjuvant chemotherapy (167).

Other studies are the aforementioned AURORA US
Metastatasis project and the TransNEO study. The AURORA US
Metastasis project conducted a multiomic study including
genomics, epigenomics and transcriptomics in primary tumors
and their corresponding metastatic breast cancers (168). In
metastatic TNBC, significantly lower expression of MHC class I
genes (HLA-A, HLA-B, and HLA-C), DNA methylation of HLA-A,
and small focal HLA-A were observed, which were associated with
lower immunity and worse OS. Tumors with DNA-methylated
HLA-A could be targeted for DNA demethylating drugs in
combination with immune checkpoint inhibitors (ICI) (168, 169).
The TransNEO molecular profiling study of patients with early and
locally advanced breast cancer undergoing neoadjuvant therapy.
Genomic, transcriptomic, and tumor immune microenvironment
data were combined with clinical and digital pathology data to
perform machine learning to create a predictive pCR model. This
model is robust and could guide treatment selection in future
clinical trials, including in the context of adjuvant therapy (150).

frontiersin.org


https://doi.org/10.3389/fonc.2023.1292046
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Alvarez-Frutos et al.

7 Conclusion and perspectives

Currently, treatment selection in breast cancer patients is based
on broad clinicopathologic features that fail to accurately classify
patients into risk groups, hence resulting into overtreatment of vast
segments of patients. Data suggest that ORR, DFS and OS can be
improved by the use of tailored therapies. Improved outcomes
depend on the identification of new biomarkers that allow for the
stratification of patients and eligibility for new therapies. Besides,
the identification of biomarkers that predict treatment efficacy will
minimize side effects or cumulative toxicity in patients unlikely to
benefit from such treatments. Clinical trials, which thus far have
mostly been based on genomic, transcriptomic and/or proteomic
studies, have been effective in assigning treatment. It is our
understanding that multiomics studies, including other omics
techniques such as metabolomics, immunomics or microbiomics,
are an important step towards precision medicine and hence refine
the assignment of the best possible treatment for each patient.
Special attention should be paid to the statistical methods used in
the analysis of multiomic data to avoid spurious correlations. In
fact, correlation coefficients should not be used to explain a process,
such as cancer progression, in which multiple variables are
involved. In these cases, the use of regression or multivariate
analysis techniques will be more appropriate. In addition,
validation cohorts will be needed to confirm the reproducibility,
robustness, and validity of the results. It is important that validation
cohorts have a pre-calculated sample size using statistical power
tests and that minimum assay quality criteria have been established.
In conclusion, we anticipate that clinical trials based on high-
dimensional multiomics data interpreted by artificial intelligence
will guide each patient to an optimized and personalized treatment,
that will avoid overtreatment, minimize side effects, and improve
both DFS and OS.
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Inhibition of OCT4 binding at the
MYCN locus induces
neuroblastoma cell death
accompanied by downregulation
of transcripts with high-open
reading frame dominance
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Taiki Setoguchi®, Tetsushi Sakuma®, Kazuto Kugou’,
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Amplification of MYCN is observed in high-risk neuroblastomas (NBs) and is
associated with a poor prognosis. MYCN expression is directly regulated by
multiple transcription factors, including OCT4, MYCN, CTCF, and p53 in NB.
Our previous study showed that inhibition of p53 binding at the MYCN locus
induces NB cell death. However, it remains unclear whether inhibition of
alternative transcription factor induces NB cell death. In this study, we
revealed that the inhibition of OCT4 binding at the MYCN locus, a critical site
for the human-specific OCT4-MYCN positive feedback loop, induces caspase-
2-mediated cell death in MYCN-amplified NB. We used the CRISPR/deactivated
Cas9 (dCas9) technology to specifically inhibit transcription factors from
binding to the MYCN locus in the MYCN-amplified NB cell lines CHP134 and
IMR32. In both cell lines, the inhibition of OCT4 binding at the MYCN locus
reduced MYCN expression, thereby suppressing MYCN-target genes. After
inhibition of OCT4 binding, differentially downregulated transcripts were
associated with high-open reading frame (ORF) dominance score, which is
associated with the translation efficiency of transcripts. These transcripts were
enriched in splicing factors, including MYCN-target genes such as HNRNPA1
and PTBPI1. Furthermore, transcripts with a high-ORF dominance score were
significantly associated with genes whose high expression is associated with a
poor prognosis in NB. Because the ORF dominance score correlates with the
translation efficiency of transcripts, our findings suggest that MYCN maintains
the expression of transcripts with high translation efficiency, contributing to a
poor prognosis in NB. In conclusion, the inhibition of OCT4 binding at the
MYCN locus resulted in reduced MYCN activity, which in turn led to the
downregulation of high-ORF dominance transcripts and subsequently
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induced caspase-2-mediated cell death in MYCN-amplified NB cells.
Therefore, disruption of the OCT4 binding at the MYCN locus may serve
as an effective therapeutic strategy for MYCN-amplified NB.

KEYWORDS

neuroblastoma, MYCN, oct4, open reading frame dominance, CRISPR/dCas9, p53,

MDMZ2, caspase-2

1 Introduction

Neuroblastoma (NB) is the most common extracranial solid
tumor in children, accounting for 12%-15% of all cancer-related
deaths in children (1-3). At least 40% of all NBs are designated as
high-risk tumors and often show MYCN amplification (4).
Amplification of MYCN is observed in 25% of high-risk cases and
correlates with poor clinical outcomes in patients with NB (5, 6).
Th-MYCN mice, which are used as a preclinical in vivo model of
NB, spontaneously develop NB, highlighting the significance of
MYCN as a potent oncogene in the pathogenesis of NB (7). Despite
current therapeutic advances, therapeutic strategy for targeting
MYCN remains a medical challenge (8). Therefore, new MYCN-
targeting therapeutic strategies are required to further improve
patient outcomes.

MYCN, a basic helix-loop-helix transcription factor, directly
regulates the transcription of genes involved in diverse cellular
processes, such as cell growth, apoptosis, and differentiation (4). It
directly binds to its own intron 1 region and upregulates its own
expression and its cis-antisense gene NCYM by forming a positive
autoregulatory loop in NB cells (9-11). In addition to MYCN, other
transcription factors bind to the MYCN locus to regulate MYCN
expression in NB. For example, OCT4, a transcription factor that
maintains cancer stemness, is highly expressed in NB, regulates
multipotency, and contributes to drug-resistant phenotypes of NB
(12-17). In our previous study, we found that OCT4 stimulates
MYCN transcription by binding to the intron 1 of MYCN locus,
whereas MYCN stimulates OCT4 transcription by binding to the
OCT4 promoter region (17). The OCT4-binding sequence in intron
1 of MYCN is not present in mice but mostly conserved in other
mammals (17). In contrast, the E-box in the MYCN-binding region
of the OCT4 promoter is specific to humans and absent even in
chimpanzees (17). Thus, OCT4 and MYCN form a human-specific
positive feedback loop in NB (17). This human-specific positive
feedback loop contributes to the stemness of MYCN-amplified NB
by maintaining the expression of stem cell-related genes including
LIN28, NANOG, and SOX2 (17). Additionally, CCCTC-binding
factor (CTCF), an insulator protein that is capable of regulating
gene expression, stimulates MYCN transcription by binding to the
MYCN promoter region (18). Previous studies investigated the
transcriptional regulation of MYCN through knockout/
knockdown of upstream transcription factors. However, since the
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expression level of transcription factors themselves are reduced by
this method, the expression of downstream genes other than MYCN
is also altered, and indirect effects of such changes on MYCN
expression cannot be ruled out. In addition, overexpression of
upstream factors used in previous studies is based on expression
levels of transcription factors that are not observed under normal
physiological conditions. In particular, it is necessary to reevaluate
whether binding of CTCF to the MYCN region is essential for the
MYCN expression because CTCF functions as an insulator and
affects chromatin status of the entire genome. Therefore, the
significance of binding of these transcription factors on MYCN
locus for regulation of MYCN transcription has remained elusive.
Recently, a CRISPR/deactivated cas9 (dCas9) system has been
developed to specifically inhibit binding of transcription factors
without affecting their intrinsic expression levels (19). We
previously reported that blocking the p53-binding site on MYCN
locus using the CRISPR/dCas9 system upregulates MYCN, NCYM,
and p53 expression, inducing apoptotic cell death accompanied by
caspase-2 activation (20). Thus, the p53-mediated repression of
MYCN/NCYM contributes to the survival of MYCN-amplified NB
cells (11, 20). However, it remains unclear whether the binding of
other transcription factors (OCT4, MYCN, and CTCF) at the
MYCN locus affects MYCN expression and contributes to NB
cell survival.

In this study, we evaluated the significance of transcription
factors that bind to the MYCN locus in NB cells. Our results suggest
that the OCT4 binding at the MYCN locus plays a crucial role in
MYCN-amplified NB cell survival.

2 Material and methods
2.1 Cell culture

Human NB cell lines CHP134 and IMR32 were maintained in
RPMI-1640 (Nacalai Tesque, Kyoto, Japan) supplemented with
10% fetal bovine serum (Thermo Fisher Scientific, Waltham, MA),
50 U/mL penicillin, and 50 pg/mL streptomycin (Thermo Fisher
Scientific, Waltham, MA). Neuroblastoma cell line SK-N-AS was
maintained in Dulbecco’s Modified Eagle Medium (Sigma-
Aldrich, St. Louis, MO) supplemented with 10% fetal bovine
serum (Thermo Fisher Scientific, Waltham, MA), 50 U/mL
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penicillin, and 50 pg/mL streptomycin (Thermo Fisher Scientific,
Waltham, MA).

2.2 Vector construction

To inhibit transcription factor binding at the MYCN locus, we
designed CRISPR guide RNAs against the MYCN-binding site (9,
10), OCT4-binding site (17), CTCF-binding site A (18), p53-
binding site (20), and CTCF-binding site B (data from the UCSC
Genome Browser). A CRISPR/dCas9 vector was constructed as
follows: pX330A_dCas9-1x2 (Addgene, Watertown, MA; plasmid
ID 63596) (21) was treated with Bpil (Thermo Fisher Scientific,
Waltham, MA). Thereafter, annealed oligonucleotides (p53-binding
site: sense: 5'-CACCGCGCCTGGCTAGCGCTTGCT-3’, antisense:
5'-AAACAGCAAG CGCTAGCCAGGCGC-3'; OCT4-binding
site: sense: 5'-CACC AGCAGGGCTTGCAAACCGCC-3/,
antisense: 5'-AAACGGCGGTTTGCAAGCCCTGCT-3'; MYCN-
binding site: sense: 5-CACC GGGAGGGGGCATGCAGATGC-
3’, antisense: 5'-AAAC GCATCTGCATGCCCCCTCCC-3/;
CTCEF-A-binding site: sense: 5'-CACC TCTCCGCGA
GGTGTCGCCTT-3’, antisense: 5'-AAACAAGGCGACACCT
CGCGGAGA-3'; and CTCF-B-binding site: sense: 5-CACCC
CAGCAGGCGGCGATATGCG-3’, antisense: 5'-AAACC
GCATATCGCCGCCTGCTGG-3’) were inserted into the
digested vector.

2.3 Transfection

Plasmid transfection was performed using the Neon Transfection
System (Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. We used 2 x 10° cells and 4 ug of the plasmid per
transfection. When performing the CUT&RUN assay and RNA
isolation for quantitative real-time reverse transcription-polymerase
chain reaction (qQRT-PCR), plasmid transfections were performed
using Lipofectamine 3000 transfection reagent (Invitrogen, Carlsbad,
CA), according to the manufacturer’s instructions.

2.4 WST assay

Cell proliferation was evaluated using the Cell Counting Kit-8
(CCK-8; Dojindo Laboratories, Kumamoto, Japan), according to
the manufacturer’s protocol. Briefly, 100 pL of dCas9-transfected
cell suspension (5,000 cells/well) was seeded in a 96-well plate.
Ninety-six hours after transfection of CRISPR/dCas9, 10 pL of
CCK-8 reagent was added into each well of the 96-well plate, and
then, the cells were incubated for 2 h at 37°C in a 5% CO, incubator.
Cell proliferation was monitored at 450 nm using CORONA
absorbance microplate reader (MTP-310, CORONA ELECTRIC,
Ibaraki, Japan).

2.5 Cytotoxicity assay

To evaluate cell damage, we measured lactate dehydrogenase
(LDH) activity released from cells. LDH activity was measured
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using the LDH Cytotoxicity Assay Kit (Nacalai Tesque, Kyoto,
Japan), according to the manufacturer’s instructions. Briefly, 100 uL
of dCas9-transfected cell suspension (10,000 cells/well) was seeded
in a 96-well plate. Ninety-six hours after transfection of CRISPR/
dCas9, 100 UL of the substrate solution was added into each well of
the 96-well plate. After which, the cells were incubated for 20 min at
room temperature under shading condition, and then, 50 UL of the
stop solution was added into each well of the 96-well plate. LDH
activity was monitored at 490 nm using 2030 ARVO X
(PerkinElmer, Kanagawa, Japan).

2.6 CUT&RUN assay

Twenty-four hours after the transfection of CRISPR/dCas9,
CUT&RUN (CUT&RUN Assay Kit, #86652, Cell Signaling
Technology, Danvers, MA) was performed according to the
manufacturer’s instructions. For each reaction, 1 x 10° cells were
used, and the cells were bound to concanavalin A beads and
permeabilized with a digitonin-containing buffer. Antibodies were
then added and incubated at 4°C for 2 h. The following antibodies
were used in the assay: anti-OCT4 antibody (15 uL/assay, #2750;
Cell Signaling Technology, Danvers, MA), anti-RNA Pol II
antibody (5 uL/assay, #14958; Cell Signaling Technology,
Danvers, MA), anti-RNA Polll C-terminal domain (CTD)
phospho Ser2 (Pol II pSer2) antibody (5 pL/assay, # 13499; Cell
Signaling Technology, Danvers, MA), anti-RNA PolIICTD
phospho Ser5 (Pol II pSer5) antibody (5 pL/assay, # 13523; Cell
Signaling Technology, Danvers, MA), and Rabbit (DA1E) mAb IgG
xp® Isotype Control (#66362; Cell Signaling Technology, Danvers,
MA). As an isotype control for the anti-OCT4 antibody, 15 pL of
the anti-IgG antibody was applied per assay. In the case of other
antibodies, 5 UL of the anti-IgG antibody was applied per assay.
DNA obtained from the CUT&RUN assay was amplified using
SYBR Green qRT-PCR with the StepOnePlus'" Real-Time PCR
System (Thermo Fisher Scientific, Waltham, MA). The following
primer set was used: Primer #1, forward 5'-
TCCTGGGAACTGTGTTGGAG-3" and reverse 5'-CTCG
GATGGCTACAGTCTGT -3’; Primer #2, forward 5'-
CCCTAATCCTTTTGCAGCCC-3"and reverse 5'-
CCGACAGCTCAAACACAGAC-3'; Primer #1 in Figure S4C,
forward 5'-TCCTGGGAACTGTGTTGGAG-3’ and reverse 5'-
CTCGGATGGCTACAGTCTGT-3’; Primer #2 in Figure S4C,
forward 5'-ACTGTAGCCATCCGAGGACA-3’ and reverse 5'-
CAAGCCCTGCTCCTTACCTC-3’; Primer #3 in Figure S4C,
forward 5'-CTAATATGCCCGGGGGACTG-3" and reverse 5'-
CTCTAGCCAGGATGCCTTCG-3’; Primer #4 in Figure S4C,
forward 5'-CCCTAATCCTTTTGCAGCCC-3' and reverse 5'-
CCGACAGCTCAAACACAGAC-3'; Primer #5 in Figure S4C,
forward 5'-CGTGCTCGTGAGAGCTAGAA-3" and reverse 5'-
GGCTCCGCAACTTTGGAAAC-3'; Primer #6 in Figure S4C,
forward 5-GTGTCTGTCGGTTGCAGTGT-3" and reverse 5'-
TTAATACCGGGGGTGCTTCC-3'; and Primer #7 in Figure
$4C, forward 5-GGGCATGATCTGCAAGAACC-3" and reverse
5-GAAGTCATCTTCGTCCGGGT-3".The detected DNA levels
were normalized by the input signal.
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2.7 RNA isolation and gRT-PCR

One day after CRISPR/dCas9 transfection, the total RNA from
dCas9-transfected NB cells was isolated using the RNeasy Mini Kit
(Qiagen, Hilden, Germany) following the manufacturer’s
instructions. cDNA was synthesized using SuperScript II with
random primers (Invitrogen, Carlsbad, CA). qRT-PCR was
performed using SYBR Green PCR with the StepOnePlusTM
Real-Time PCR System (Thermo Fisher Scientific, Waltham,
MA). The following primer sets were used: MYCN, Primer #3,
forward: 5'-TCCATGACAGCGCTAAACGTT-3" and reverse: 5'-
GGAACACACAAGGTGACTTCAACA-3" and OCT4, forward:
5- GGGTTTTTGGGATTAAGTTCTTC-3’, and reverse: 5'-
GCCCCCACCCTTTGTGTT-3" and GAPDH, forward: 5'-
GTCTCCTCTGACTTCAACAGCG-3’ and reverse: 5'-
ACCACCCTGTTGCTGTAGCCAA-3'. B-Actin expression was
quantified using the TagMan real-time PCR assay. The mRNA
level of MYCN was normalized by -Actin and GAPDH.

2.8 Long-read and short-read
RNA sequencing

Twenty-four hours after CRISPR/dCas9 transfection, the total
RNA from dCas9-transfected NB cells was isolated using the
RNeasy Mini Kit (Qiagen, Hilden, Germany) following the
manufacturer’s instructions. An Iso-Seq library was prepared as
described in the Procedure & Checklist-Iso-Seq Express Template
Preparation for Sequel and Sequel II Systems, Version 02, October
2019 (Pacific Biosciences, Menlo Park, CA). Briefly, cDNA was
synthesized and amplified using the NEBNext Single Cell/Low
Input cDNA Synthesis & Amplification Module (New England
Biolabs, Ipswich, MA), Iso-Seq Express Oligo Kit (Pacific
Biosciences, Menlo Park, CA), and barcoded primers. The size of
the amplified cDNA was selected using ProNex beads (Promega,
Madison, WI) under standard conditions. The Iso-Seq library was
prepared from the size-selected cDNA using SMRTbell Express
Template Prep Kit 2.0 (Pacific Biosciences, Menlo Park, CA). The
Iso-Seq libraries were sequenced on the PacBio Sequel Ile with
Sequel ICS v11.0 for 24 h using a single cell of Sequel II SMRT Cell
8M Tray, Sequel II Sequencing Kit 2.0, Sequel II Binding Kit 2.1,
and Internal Control 1.0 (Pacific Biosciences, Menlo Park, CA).
Circular consensus sequencing (CCS) reads were created using this
instrument. An RNA-sequencing (RNA-seq) library was prepared
using the NEBNext rRNA Depletion Kit v2 (Human/Mouse/Rat)
and the NEBNext Ultra II Directional RNA Library Prep Kit for
Mlumina (New England Biolabs, Ipswich, MA). The RNA-seq
libraries were sequenced on NextSeq 500 using the NextSeq 500/
550 High Output Kit v2.5 (75 cycles) (Illumina, San Diego, CA).

2.9 Bioinformatic analysis
Demultiplexing of CCS reads and removal of cDNA primers

were performed using the lima command of SMRT Tools v11.0
(Pacific Biosciences, Menlo Park, CA) with the parameters of Iso-
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Seq data. Removing of artificial concatemer and reads without
polyA tail or with short polyA (less than 20 nt) and trimming of
polyA tail were performed using the isoseq3 refine tool with the “~
require-polya” parameter. High-quality isoforms were obtained
using the isoseq3 cluster with the ‘-use-qvs’ parameter. To
collapse the transcripts using the isoseq3 collapse command, the
high-quality isoform reads were aligned to the human genome
GRCh38 using minimap2 v2.24 (22) with the parameter —preset
ISOSEQ. Quality control and filtering of the collapsed transcripts
were performed using SQANTI3 (23) with genome annotation
(Ensembl GRCh38 releasel05) to remove 3’-end intrapriming
artifact, RT-switching artifact, and low frequency transcript (less
than 2 fragments). To identify novel transcripts and remove
transcript redundancy in all samples, the filtered transcripts were
compared with known transcripts (Ensembl GRCh38 releasel05)
using the TALON v5.0 pipeline (24) with the “~cov 0.95 —identity
0.95 -observed” parameter. Transcript reference sequences,
including novel and known transcript sequences, were created
using SQANTI3 and used in the following short-read RNA-seq
analysis. Salmon v1.9.0 was used to quantify transcript expression
levels with the “fldMean 260 -fldSD 73” parameter. Differentially
expressed transcripts were analyzed using the high-throughput gene
expression data analysis tool DIANE (https://diane.bpmp.inrae.fr/)
(25). Differentially expressed transcripts were filtered by setting the
log, fold change (sgRNA OCT4/no sgRNA) to 0.58 and false
discovery rate (FDR) to 0.05 as threshold values.

2.10 Functional annotation analysis

DAVID (https://www.david.ncifcrf.gov) (26) was used to
identify the enriched molecular functions and pathways related to
the genes of interest. Q-values (P-values adjusted for FDR) were
calculated using the Benjamini-Hochberg method in DAVID.

Enrichr (http://amp.pharm.mssm.edu/Enrichr/) (27-29) was
used to analyze the enriched molecular functions and pathways
related to the differentially downregulated genes after OCT4-
binding inhibition. “ENCODE and ChEA Consensus TFs from
ChIP-X,” “TF Perturbations Followed by Expression,” and
“ENCODE TF ChIP-seq 2015” were used as gene-set libraries. Q-
values (P-values adjusted for FDR) were calculated using the
Benjamini-Hochberg method in Enrichr.

2.11 Kaplan—Meier analysis-based
prognosis classification of transcripts

Differentially downregulated genes detected in the RNA-seq
analysis of CHP134 and IMR32 were input into the R2 Genomics
Analysis and Visualization Platform (http://r2.amc.nl, Tumor
Neuroblastoma - Kocak - 649 -custom - agd4kcwolf, GSE45547)
for Kaplan—Meier analysis to extract a set of genes associated with a
poor NB prognosis. For the type of survival, overall survival was
selected. Q-values (P-values adjusted for FDR) were calculated
using the Benjamini-Hochberg method in R2. We found 734
genes whose high expression was associated with a poor NB
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prognosis. The genes were classified into the “high is worse” group.
We also identified 622 genes that were not associated with NB
prognosis. The genes were classified into the “none” group.
Subsequently, ORF dominance of the genes was calculated. Since
a gene may potentially have multiple transcript isoforms, each with
varying ORF dominance scores, the ORF dominance of a gene was
determined by calculating the mean of the ORF dominance scores

across all transcript isoforms.

2.12 Western blot analysis

The cells were lysed with RIPA buffer (50 mmol/L Tris-HCI
buffer (pH 7.6), 150 mmol/L NaCl, 1(w/v)% Nonidet P40
Substitute, 0.5(w/v)% sodium deoxycholate, protease inhibitor
cocktail, and 0.1(w/v)% SDS; # 08714-04, Nacalai Tesque, Kyoto,
Japan) and benzonase (Merck Millipore, Billerica, MA) and MgCl,
at final concentrations of 25 U/uL and 2 mM, respectively;
incubated at 37°C for 1 h; and centrifuged at 10,000 x g for
10 min at 4°C. Thereafter, the supernatant was collected and
denatured in SDS sample buffer (125 mM Tris-HCI, pH 6.8, 4%
SDS, 10% sucrose, 0.01% BPB, and 10% 2-mercaptoethanol).
Cellular proteins were resolved using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis before being electroblotted
onto polyvinylidene fluoride membranes (#1704156, Bio-Rad
Laboratories, Hercules, CA). The membranes were incubated with
the following primary antibodies for 60 min at room temperature:
anti-Cas9 (1:1000 dilution; #14697S, Cell Signaling Technology,
Danvers, MA), anti-MDM2 (1:1000 dilution; OP46, Merck
Millipore, Billerica, MA), anti-p53 (1:1000 dilution; #2524, Cell
Signaling Technology, Danvers, MA), anti-caspase-2 (1:1000
dilution; sc-5292, Santa Cruz Biotechnology, Dallas, TX), anti-
caspase 3 (1:1000 dilution; sc-7148, Santa Cruz Biotechnology,
Dallas, TX), and anti-actin (1:1000 dilution; FUJIFILM Wako
Pure Chemical Corporation, Osaka, Japan). The membranes were
then incubated with horseradish peroxidase-conjugated secondary
antibodies (anti-rabbit IgG at 1:5000 dilution or anti-mouse IgG at
1:5000 dilution; both from Cell Signaling Technology, Danvers,
MA), and the bound proteins were visualized using a
chemiluminescence-based detection kit (ImmunoStar Zeta;
ImmunoStar LD, FUJIFILM Wako Pure Chemical Corporation,
Osaka, Japan). Chemiluminescence was detected using
ImageQuant " LAS4000 (GE Healthcare, Chicago, IL).

2.13 Abby analysis

The MYCN protein levels were measured using a capillary
electrophoretic-based immunoassay (the Abby instrument;
ProteinSimple, San Jose, CA), according to the manufacturer’s
protocol. Briefly, samples were combined with 0.1x sample
diluent buffer and 5x fluorescent master mix denaturing buffer to
acquire 0.8 pg/uL loading concentration. Subsequently, the samples
were denatured for 5min at 95 °C. The primary antibody used in
the present study was MYCN (1:100 dilution; #9405, Cell Signaling
Technology, Danvers, MA). The Abby measurement was performed
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using a 12-230 kDa separation module with 25-min separation at
375V, 10-min blocking, 30-min primary antibody incubation, and
30-min secondary antibody incubation (DM-001, ProteinSimple,
San Jose, CA). RePlex " Module (RP-001, ProteinSimple, San Jose,
CA) was used to detect total proteins. At the end of the run, the
chemiluminescent signal was displayed as a virtual blot-like image
and electropherogram based on the molecular weight using
Compass (ProteinSimple, San Jose, CA).

2.14 Open reading frame dominance
score analysis

The transcript sequences detected using long-read RNA-seq
analysis were used to calculate ORF dominance, as previously
described (30).

2.15 Statistical analysis

Statistical analysis software “R” was used for data analysis.
Mann-Whitney U-test, Student’s t-test, and Kruskal-Wallis test
were performed as appropriate. A p-value < 0.05 was considered
statistically significant.

3 Results

3.1 CRISPR/dCas9 targeting transcription
factor-binding sites at the MYCN locus
reduced the proliferation in MYCN-
amplified NB cells

Deactivated Cas9 (dCas9) disrupts the binding of transcription
factors to specific sites (19). To inhibit transcription factor binding
at the MYCN locus, we designed CRISPR guide RNAs against the
MYCN-binding site (9, 10), OCT4-binding site (17), CTCF-binding
site A (18), p53-binding site (20), and CTCF-binding site B (data
from the UCSC Genome Browser) (Figure 1A). A previous study
has demonstrated that CTCF binds to the upstream region of
MYCN and promotes its transcription (18). However, using the
UCSC Genome Browser, we discovered an additional CTCF-
binding site located within the gene body of MYCN (Figure S1),
whose function has not been investigated in previous study (18).
Therefore, we designed CRISPR guide RNAs for both CTCEF-
binding sites. For convenience, we designated the CTCF-binding
site upstream of MYCN as CTCF-A and the gene body region as
CTCE-B (Figures 1A and S1). We transfected all-in-one CRISPR/
dCas9-sgRNA vectors into CHP134 and IMR32 cells, both of which
were MYCN-amplified NB cells (Figure 1B). MYCN expression in
CHP134 and IMR32 cells decreased significantly when targeting the
OCT4-binding site with dCas9 (Figure 1C, lane 2 and 8§;
representative raw data with loading control (total protein level)
and MYCN signal are presented in Figure S2). The proliferation of
CHP134 and IMR32 cells was significantly reduced by dCas9
targeting the OCT4-binding site, MYCN-binding site, CTCF-A
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FIGURE 1

CRISPR/dCas9 targeting the MYCN locus reduces the proliferation of MYCN-amplified neuroblastoma cells. (A) A diagram of the MYCN/NCYM locus
with the positions of targeting sgRNAs (Upper panel). The white and black boxes indicate the MYCN and NCYM regions, respectively. The lower
panel highlights the targeting and PAM sequences in gray. TSS: transcription start site. (B) Western blotting of dCas9 protein in CHP134 and IMR32
cells. Twenty-four hours after CRISPR/dCas9 transfection, these cells were subjected to western blotting. S-Actin was used as a loading control.

(C) Quantitative analysis was performed to measure the MYCN protein level. The MYCN protein level was assessed using the Abby instrument 72 h
after transfection. The chemiluminescent signal is displayed as a virtual blot-like image (Upper panel). The quantified MYCN signal, normalized by the
total protein level, is represented as a bar graph (Lower panel). Statistical significance (*: p < 0.05) was determined using the Student's t-test,
comparing the results with the those of the no sgRNA control. Error bars represent SEM of three independent experiments. (D) Ninety-six hours
after CRISPR/dCas9 transfection, the proliferation of CHP134 and IMR32 was measured using the WST assay. *: p < 0.05; **: p < 0.01; ***: p < 0.001
Data were analyzed using Student's t-test (compared with no sgRNA). Error bars represent SEM of six independent experiments.

site, and p53-binding site (Figure 1D). Among these targets, dCas9
targeting the OCT4-binding site was most significantly decreased in
the proliferation of both MYCN-amplified NBs (CHP134 and
IMR32) (Figure 1D). In contrast, the proliferation of the MYCN-
nonamplified NB cell line SK-N-AS cell line, exhibiting a lower
expression of OCT4 (POU5FI) mRNA relative to other NB cell lines
(Figure S3A), was not affected by dCas9 targeting the OCT4-
binding site (Figure S3B).
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3.2 Inhibition of OCT4 binding at the
MYCN locus suppresses MYCN mRNA and
MYCN activity

As cell proliferation was significantly reduced by dCas9
targeting the OCT4-binding site in both MYCN-amplified NB cell
lines (Figure 1D), we investigated the effect of inhibition of the
OCT4-binding site on MYCN activity. Twenty-four hours after
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dCas9 transfection, CRISPR/dCas9 inhibited OCT4 binding at the
MYCN locus (Figures 2A, B). At this time, the levels of OCT4
mRNA remained unchanged (Figure S4A), indicating that the
decrease in OCT4 binding was not dependent on the expression
levels of OCT4. We investigated the potential binding of alternative
transcription factors to the OCT4-binding site in MYCN locus using
the UCSC Genome Browser. However, our findings show that there
are no alternative transcription factors found in the same location as
the OCT4-binding site in NB (Figure S4B). This indicates that there
is no evidence supporting the idea that dCas9 inhibits transcription
factors other than OCT4. Additionally, we conducted an
investigation into an alternative potential effect of dCas9,
specifically its role in interference with transcription elongation
(31). We examined the recruitment of RNA polymerase II (RNA
pol II) in the proximity of the OCT4-binding site within the MYCN
locus using the CUT&RUN assay. The results revealed that there
was no alteration in both the recruitment of RNA pol II and its
phosphorylation status (Figures S4C and S4D), indicating that
dCas9 does not interfere with the process of transcription
elongation in the proximity of the OCT4-binding site.

The inhibition of OCT4 binding at the MYCN locus suppressed
the expression of MYCN mRNA compared to control (dCas9 without
sgRNA) (Figure 2C). A similar trend of MYCN mRNA reduction was
also observed on transfection of dCas9 targeting MYCN-binding site;
however, it did not reach statistical significance (Figure S5). Notably,
the reduction in MYCN expression resulting from OCT4 inhibition
was modest (Figure 2C). The finding seems to contradict the
substantial decrease in MYCN protein expression levels observed in
Figure 1C. To precisely identify and characterize the transcriptomic
changes resulting from OCT4 binding inhibition, we performed
short-read RNA-seq combined with long-read RNA-seq of CHP134
and IMR32 cells 24 h after dCas9 transfection. We have listed the
detected transcripts and their expression levels in Table SI (can be
accessed on FigShare; https://doi.org/10.6084/
m9.figshare.24543067.v1). Through this analysis, we detected 17,601
annotated transcripts (transcript ID starts with ENST~) and 70,753
unannotated transcripts (transcript ID starts with TALONT~) in the
combined CHP134 and IMR32 cell samples. Notably, the number of
unannotated transcripts was approximately four times higher than the
number of annotated transcripts. In the MYCN locus, we detected one
annotated transcript (Figure 2D (ii)) and four unannotated transcripts
(Figure 2D (i), (iii), (iv), and (v)) using long-read RNA-seq analysis.
Notably, the expression of ENST00000281043 (Figure 2D (ii)), which
encodes the MYCN protein, was suppressed. The result is consistent
with the downregulation of MYCN expression in Figure 1C. In
contrast, noncoding transcripts of MYCN with the highest
expression levels showed increased expression
(TALONTO000261009, Figure 2D (iii)). Because the primer set #3
detected both the coding and noncoding transcripts, the reduction of
MYCN mRNA appear to be weak in RT-qPCR (Figure 2C). The
results suggest that OCT4 regulates promoter usage of MYCN gene,
and its binding inhibition promotes transcription from the internal
promoter (Figure 2D), resulting in reduction of MYCN protein level
(Figure 1C). In the MYCNOS (NCYM) locus, we detected two
annotated transcripts (Figure S6A (viii) and (ix)) and two
unannotated transcripts (Figure S6A (vi) and (vii)) using long-read
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RNA-seq analysis. Among these transcripts, we observed an
upregulation in the expression levels of TALONT000260926 (Figure
S6B (vii)) and ENST00000419083 (Figure S6B (viii)), both of which
have unknown functions. The data provide evidence for the presence
of previously unannotated transcripts transcribed from the MYCN/
NCYM locus in NB. Moreover, OCT4 regulates the expression of
particular isoforms within the MYCN/NCYM locus, including the
protein-coding isoform of MYCN.

In order to examine the potential impact of reducing MYCN
expression levels on the downstream pathway of MYCN, we
conducted Enrichr analysis (http://amp.pharm.mssm.edu/Enrichr/)
(27-29). Enrichr analysis revealed that differentially downregulated
genes were enriched in MYCN-target genes (GSE80397:
downregulated gene set after MYCN knockdown in IMR575)
(Figure 2E) and MYC/MAX-target genes (Table S2). On the
contrary, in the Enrichr analysis of three independent gene-set
libraries (ENCODE and ChEA Consensus TFs from ChIP-X, TF
Perturbations Followed by Expression, and ENCODE TF ChIP-seq
2015), enrichment of OCT4-target genes was not observed (Table
S2), suggesting no off-target effects of CRISPR/dCas9 on the
expression of other OCT4-target genes. These findings indicate that
CRISPR/dCas9 specifically inhibited OCT4 binding at the MYCN
locus and suppressed MYCN activity in MYCN-amplified NB.

3.3 Inhibition of OCT4 binding at the
MYCN locus induces NB cell death
accompanied by downregulation of
transcripts with high-ORF dominance

We examined how the reduced MYCN activity altered the NB
transcriptome. In our previous study, we developed the ORF
dominance score, which is defined as the fraction of the longest
ORF in the sum of all putative ORF lengths within a transcript
sequence (30). This score correlates with translation efficiency of
coding transcripts and noncoding RNAs (30). Our previous in
silico-based analysis suggested that noncoding transcripts with
high-ORF dominance are associated with downstream genes of
MYCN in humans (30). Therefore, we investigated whether MYCN
functions as a regulator of transcripts with high-ORF dominance in
NB. We calculated ORF dominance scores of differentially
downregulated transcripts using long-read RNA-seq analysis
(Table S3). The differentially downregulated transcripts had
significantly higher ORF dominance than all transcripts, and this
trend was observed for both coding and noncoding RNAs
(Figure 3A). Additionally, isoform expression analysis from short-
read RNA-seq showed similar results, revealing that the
differentially downregulated transcripts had significantly higher
ORF dominance in both coding and noncoding transcripts
(Figure S7). These findings indicate that MYCN maintains the
expression of transcripts with high-ORF dominance in NB. Given
that ORF dominance correlates with the translation efficiency of
transcripts (30), our results suggest that MYCN maintains the
expression of transcripts with high translation efficiency in NB.

MYCN has been reported to globally regulate transcription (32)
and splicing (33); however, how this transcription and splicing
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Inhibition of OCT4 binding at the MYCN locus suppresses MYCN mRNA and MYCN
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activity. (A) Schematic depiction of the MYCN/NCYM locus with

the location of the primers used in the CUT&RUN assay and quantitative real-time reverse transcription-polymerase chain reaction (QRT-PCR). The
OCT4-binding site is indicated with a red box. The white and black boxes indicate the MYCN and NCYM regions, respectively. The primers employed
in the CUT&RUN assay are denoted as primers #1 and #2, whereas that used in gRT-PCR is denoted as primer #3. (B) OCT4 binding at the MYCN
locus was inhibited using CRISPR/dCas9. Twenty-four hours after the transfection of CRISPR/dCas9 targeting the OCT4-binding site, CHP134 cells
were subjected to the CUTGRUN assay. Genomic DNA was amplified via gRT-PCR using primers #1land #2 in (A). The signals were normalized by
input signals. IgG was used as an isotype control. Error bars represent SEM of three technical replicates. The data presented are representative of the

experiment. (C) gRT-PCR analyses of MYCN in CRISPR/dCas9-transfected CHP134

and IMR32 cells. One day after transfection, MYCN mRNA

expression levels were measured via qRT-PCR using primer #3 in (A) with B-actin or GAPDH as an internal control. Data were analyzed using
Student's t-test. Error bars represent SEM of three independent experiments. (D) A diagram of transcripts detected at the MYCN locus (Upper panel).
Black regions indicate MYCN transcripts. Red regions indicate coding sequences (CDS). Novel_not_in_catalog means a novel transcript not in the
reference produced by a novel splice site. An OCT4-binding site is indicated by a blue line in the diagram. The lower panel demonstrates normalized
expression counts (TPM) of MYCN transcripts from short-read RNA-seq analysis in CHP134 cells. Error bars represent SEM of three independent
experiments. Data were analyzed using the Student’s t-test. *: p < 0.05; **: p < 0.01. (E) Differentially downregulated genes after inhibition of OCT4
binding at the MYCN locus were enriched in MYCN-target genes. Enrichr analysis (http://amp.pharm.mssm.edu/Enrichr/) summary of enriched

transcription factor-target genes.
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regulations link to the proteome remains elusive. Since ORF
dominance correlates with translation efficiency of transcripts
(30), our results suggest that these MYCN-induced RNA isoform
changes are directional, with increasing potential for efficient
translation. Subsequently, we extracted transcripts with high-ORF
dominance (ORF dominance > 0.5) from the differentially
downregulated transcripts and performed Gene Ontology (GO)
analysis using DAVID. Transcripts with high-ORF dominance were

» «

associated with the GO terms “mRNA processing,” “mRNA splicing
via spliceosome,” and “RNA splicing” (Figure 3B and Table S4).
Notably, the genes encoding the splicing factors HNRNPAI and
PTBPI are the targets of MYCN, and a decrease in MYCN activity
induces the downregulation of HNRNPAI and PTBPI expression
and suppresses the proliferation of MYCN-amplified NB cells (33).
Consistent with this previous report, the expression of HNRNPA I
and PTBPI, the target genes of MYCN, was downregulated after
OCT4-binding inhibition in this study (Figure 3C). HNRNPA1 and
PTBP1 regulate the alternative splicing of the pyruvate kinase gene
(PKM) and facilitate the switch from the canonical isoform PKM]I
to the cancer-related isoform PKM2 (33, 34). The knockdown of
PTBPI, HNRNPAI, and their downstream target PKM2 represses
the proliferation of MYCN-amplified NB (33). Similarly, the PKM2/
PKM]1 ratio was considerably decreased by OCT4-binding
inhibition in this study (Figure 3D), suggesting that the splicing
switch from PKMI to PKM2 underlies the mechanism of inhibition
of NB proliferation after transfection of CRISPR/dCas9 targeting
the OCT4-binding site.

We examined the expression of cell death-related proteins using
western blotting to gain insights into the mechanism of inhibition of
NB proliferation. In our previous study, we found that blocking the
p53-binding site at the MYCN locus using CRISPR/dCas9 results in
the cleavage of caspase-2 and MDM2 and induction of p53
expression (20), which is associated with the p53-MDM2-
caspase-2 positive feedback loop (35). Consistent with this report,
cleavage of caspase-2 and MDM2, but not caspase-3, and induction
of p53 expression were observed in MYCN-amplified NB cells at
72 h after transfection of CRISPR/dCas9 (Figure 3E). To evaluate
cytotoxicity, the activity of lactate dehydrogenase (LDH) released
from cells was measured using a cytotoxicity LDH assay at 96 h after
transfection of CRISPR/dCas9. The LDH assay is a method
commonly used to evaluate cell damage. LDH is a stable
cytoplasmic enzyme that is found in all cells and is released
rapidly into the cell culture supernatant when the plasma
membrane is damaged (36). The LDH activity was enhanced by
CRISPR/dCas9 targeting the OCT4-binding site in CHP134 and
IMR32 cells (Figure 3F). This result suggests that inhibition of
OCT4 binding at the MYCN locus induces apoptosis in NB cells via
the activation of the p53-MDM2-caspase-2 positive feedback loop.

3.4 Genes associated with poor NB
prognosis encode high-ORF
dominance transcripts

Finally, the relationship between NB prognosis and ORF
dominance was investigated. For this analysis, the R2 Genomics
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Analysis and Visualization Platform was used. Differentially
downregulated genes were input into the Kaplan—Meier analysis
of the R2 database to extract a set of genes associated with poor NB
prognosis. We found 734 genes whose high expression is associated
with a poor NB prognosis. The genes were classified into the “high is
worse” group (Table S5). In addition, 622 genes that were not
associated with NB prognosis were identified, which were classified
into the “none” group (Table S5). Afterward, ORF dominance of the
genes was calculated. Our analysis revealed that coding transcripts
in the ‘high is worse’ group exhibited slightly higher but statistically
significant ORF dominance than those in the ‘none’ group
(Figure 4A). Additionally, in the noncoding transcripts, the ‘high
is worse’ group showed higher ORF dominance than those in the
‘none’ group (Figure 4A). Here, an example of a gene from “high is
worse” group is presented. LSM4, a MYCN-target gene (37),
encodes a member of the LSm family of RNA-binding proteins.
LSM4 plays a role in pre-mRNA splicing as a component of the U4/
U6-U5 tri-snRNP complex (38). High LSM4 expression is
significantly associated with a poor NB prognosis (Figure 4B).
After inhibiting the OCT4 binding at the MYCN locus, only the
LSM4 isoform with high-ORF dominance (ENST00000594828,
ORF dominance = 0.775) was downregulated, whereas other
isoforms remained unchanged (Figure 4B). The results indicate
that genes associated with the poor NB prognosis encode high-ORF
dominance transcripts, and OCT4 binding inhibition at the MYCN
locus suppresses these high-ORF dominance transcripts in NB.
Because ORF dominance correlates with the translation efficiency of
transcripts (30), our results suggest that MYCN maintains the
expression of transcripts with high translation efficiency, thereby
contributing to a poor prognosis in NB.

4 Discussion

Conventional studies on transcriptional regulation of MYCN
have largely relied on knockdown/knockout or overexpression of
transcription factors, and such methods alter the expression levels
of transcription factors, resulting in activation/suppression of
downstream target genes other than MYCN. Therefore,
subsequent alterations in MYCN expression by such methods
include indirect effects of pathway activation/suppression other
than direct effect of transcription factor binding on MYCN locus.
The CRISPR/dCas9 system was employed to elucidate the
significance of transcription factor binding on MYCN locus, and
found that the inhibition of OCT4 binding was found to be critical
for MYCN expression in MYCN-amplified NB. In our previous
study, high OCT4 mRNA expression was found to be associated
with a poor prognosis of MYCN-amplified NBs, but not in MYCN-
non-amplified NBs (17). Consistent with the finding, in the present
study, OCT4-binding inhibition in the intron 1 region of MYCN
decreased the proliferation of MYCN-amplified NB cells (CHP134
and IMR32) but not that of MYCN-non-amplified NB cells (SK-N-
AS), further suggesting that the human-specific OCT4-MYCN
network is specifically required for the survival of MYCN-
amplified NB. Furthermore, long-read sequencing analyses
revealed that OCT4 binding on the MYCN locus regulates
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FIGURE 3

Inhibition of OCT4 binding at the MYCN locus induces neuroblastoma (NB) cell death accompanied by downregulation of transcripts with high-open
reading frame (ORF) dominance. (A) Differentially downregulated transcripts were associated with high-ORF dominance in CHP134 (left) and IMR32
cells (right). The number of samples was as follows: coding transcripts (CHP134: all, n = 51,400; down, n = 610, IMR32: all, n = 53,245; down, n =
2,047). Noncoding transcripts (CHP134: all, n = 3,464; down, n = 29, IMR32: all, n = 3,601; down, n = 144). The summary of the data is shown as a
violin plot reflecting the data distribution and an open circle indicating the median of the data. P-values were calculated using Mann-Whitney U-
test. (B) Gene Ontology (GO) analysis of differentially downregulated transcripts with high-ORF dominance (ORF dominance > 0.5). (C) Normalized
expression counts (TPM) for HNRNPA1 and PTBPI transcripts from short-read RNA-seq analysis in CHP134 cells. Error bars represent SEM of three
independent experiments. Data were analyzed using the Student's t-test. (D) The CRISPR/dCas9 targeting of the OCT4-binding site led to a
reduction in the PKM2/PKM1 ratio. Upper panel: a diagram of transcripts detected using the long-read RNA-seq analysis at the PKM locus. Red
regions indicate coding sequences (CDS). Lower panel: Normalized expression counts (TPM) for PKM2 and PKM1 isoforms and PKM2/PKM1
normalized expression count ratio from short-read RNA-seq analysis in CHP134 cells. Blue, orange, and gray dots correspond to biological replicates
1, 2, and 3, respectively. Error bars represent SEM of three independent experiments. Data were analyzed using the Student's t-test. (E) Western
blotting of p53, MDM2, caspase-2, and caspase-3 in dCas9-transfected NB cells. Seventy-two hours after transfection, the cells were subjected to
western blotting. B-actin was used as the loading control. (F) CRISPR/dCas9 targeting the OCT4-binding site induced NB cell death. Ninety-six hours
after transfection of CRISPR/dCas9, activity of lactate dehydrogenase (LDH) released from cells was measured using the cytotoxicity LDH assay. Data
were analyzed using the Student's t-test. Error bars represent SEM of three independent experiments.
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FIGURE 4

Genes associated with the poor neuroblastoma (NB) prognosis encode high-ORF dominance transcripts. (A) The "high is worse” transcripts (coding,
n = 721; noncoding, n = 13) showed higher ORF dominance than the "none” transcripts (coding, n = 607; noncoding, n = 15). The "high is worse”
group contains transcripts whose high expression is associated with a poor NB prognosis. The "none” group transcripts are not associated with NB
prognosis. The summary of the data is shown as a boxplot, with the box indicating the IQR, the whiskers showing the range of values that are within
1.5*IQR and a horizontal line indicating the median. P-values were calculated using the Mann—-Whitney U-test. (B) High expression of LSM4 was
associated with a poor NB prognosis (Bonferroni-corrected p = 2.75e-21) (Upper left panel). The upper right panel displays normalized expression
counts (TPM) of LSM4 transcripts from short-read RNA-seq analysis in CHP134 cells. Error bars represent SEM of three independent experiments.
Data were analyzed using the Student’s t-test. The lower panel displays a diagram of transcripts detected at the LSM4 locus in CHP134. Red regions

indicate coding sequences (CDS). ORF-D: ORF dominance.

promoter usage in CHP134 and inhibition of the binding resulted in
stimulation of transcription of noncoding transcript of MYCN from
internal promoter. Therefore, combination of the CRISPR/dCas9
system and long-read RNA sequencing clarified the novel
mechanism of transcriptional regulation of MYCN that could not
be revealed by conventional methods.

Inhibition of OCT4 binding at the MYCN locus suppressed
MYCN and its downstream genes, including HNRNPAI and
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PTBPI, which are splicing factors. The reduction of HNRNPAI
and PTBPI subsequently decreased splicing activity, leading to a
decrease in the PKM2/PKMI ratio and activation of caspase-2. A
previous study by Zhang et al. (33) reported that knockdown of
PKM2 suppresses cell proliferation in MYCN-amplified NB cells
(IMR5), but not in MYCN-non-amplified NB cells (SK-N-AS),
suggesting a MYCN-amplified NB-dependent function for PKM2.
Our observation that CRISPR/dCas9 targeting of the OCT4 binding
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site suppresses cell proliferation specifically in MYCN-amplified NB
is therefore consistent with this report. However, the link between
PKM2 and caspase-2 remains unclear. One possible explanation is
that PKM2 interacts with the CDK1-cyclinB complex to facilitate
cell cycle progression in gliomas, and knockdown of PKM2
decreases CDKI1 kinase activity (39). Reduced CDKI1 activity
decreases the inhibitory phosphorylation level of the $340 residue
of caspase-2, thereby leading to caspase-2 activation (40). Thus,
suppressed PKM2 expression may activate caspase-2 through the
reduction of CDK1-cyclin B kinase activity.

In addition to the OCT4-MYCN network, the inhibition of
super enhancer is an interesting approach for targeting MYCN
expression in NB. NB is characterized by a core regulatory circuitry
(CRC) comprising transcription factors such as PHOX2B, HAND2,
and GATA3 that regulate super enhancer (41, 42). The
transcription factors form a network with MYCN (43) and are
essential for maintaining the cell state in MYCN-amplified NB (44).
Because blocking of OCT4 or MYCN reduces MYCN expression,
simultaneous blocking of OCT4 or MYCN with this CRC, with a
focus on targeting transcription factors including HAND?2,
PHOZX2B, and GATA3, may be an effective therapeutic approach
for NB.

Previously, we developed the ORF dominance score, defined as
the fraction of the longest ORF in the sum of all putative ORF
lengths (30). An in silico-based analysis suggested that noncoding
transcripts with high-ORF dominance are associated with the
downstream gene of MYCN in humans (30). However, whether
MYCN regulates the expression of transcripts with high-ORF
dominance has not yet been experimentally investigated. In this
study, we investigated the effect of MYCN activity on the expression
of transcripts with high-ORF dominance in MYCN-amplified NB
cells. Our findings demonstrate that a reduction in MYCN activity
led to a decrease in the expression of both coding and noncoding
transcripts with high ORF dominance. Because ORF dominance
correlates with the translation efficiency of transcripts (30), our
results suggest that MYCN maintains the expression of transcripts
with high translation efficiency. Importantly, this study identifies
MYCN as the first experimentally validated regulator of ORF
dominance. However, the mechanism by which MYCN regulates
ORF dominance remains unclear. Currently, two potential
scenarios are under consideration: (i) MYCN directly transcribes
transcripts with high-ORF dominance, or (ii) MYCN maintains
expression of transcripts with high-ORF dominance through
splicing. In the present study, we observed downregulation of
MYCN and its target genes following OCT4 inhibition. As these
differentially downregulated transcripts exhibited high ORF
dominance, it is plausible that MYCN directly transcribes
transcripts with high ORF dominance. However, it has been
reported that MYCN transcribes splicing factors (33) and, in the
present study, splicing factors HNRNPAI and PTBPI, which are
MYCN-target genes, were downregulated after inhibition of OCT4
binding. As alternative splicing potentially alters the ORF
dominance of transcripts, MYCN may maintain the expression of

Frontiers in Oncology

10.3389/fonc.2024.1237378

transcripts with high ORF dominance through splicing. Further
research is required to elucidate the precise mechanism by which
MYCN regulates ORF dominance. Moreover, we found that genes
associated with the poor prognosis of NB encode high-ORF
dominance transcripts, indicating that ORF dominance may serve
as a novel prognostic marker in NB. Coding transcripts in the ‘high
is worse’ group exhibited significantly higher ORF dominance than
those in the ‘none’ group, although this difference was slight.
However, the ORF dominance data obtained in this study were
based on transcript sequences from cell lines (CHP134 and IMR32),
which may not provide the most accurate calculation of ORF
dominance. Long-read RNA sequencing data from the large
number of clinical samples of NB, which are required for the
accurate calculation of ORF dominance, are not currently
available. Hence, future studies should investigate whether the
ORF dominance score can serve as a prognostic marker in NB
using patient-derived transcript data.
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