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Simple Summary: Ring chromosomes (RCs) are formed when chromosome ends fuse to form a
circular structure. RCs are seen in <10% of patients with blood cancers (i.e., leukemias, lymphomas,
and myelomas), and are associated with poor disease outcomes. We sought to evaluate how frequently
RCs arise in patients diagnosed with these cancers and determine if there are any associated genetic
variants, regions, or chromosomal abnormalities. Most patients with RCs have mutations in the TP53
gene and gross chromosomal rearrangements, particularly among chromosomes 5, 7, 11, and 17.
Most of these patients also possess marker chromosomes with genetic material of unknown origin.
The majority of RCs that resemble identifiable chromosomes, as well as chromosomes lacking gross
rearrangements, were seen in patients without TP53 mutations. Our data suggest that mechanisms
underlying RC generation may arise differently in patient groups with the presence or absence of
functional TP53, a potentially important distinction for clinical decision making.

Abstract: Ring chromosomes (RC) are present in <10% of patients with hematological malignancies
and are associated with poor prognosis. Until now, only small cohorts of patients with hematological
neoplasms and concomitant RCs have been cytogenetically characterized. Here, we performed a
conventional chromosome analysis on metaphase spreads from >13,000 patients diagnosed with
hematological malignancies at the Johns Hopkins University Hospital and identified 98 patients
with RCs—90 with myeloid malignancies and 8 with lymphoid malignancies. We also performed
a targeted Next-Generation Sequencing (NGS) assay, using a panel of 642 cancer genes, to identify
whether these patients harbor relevant pathogenic variants. Cytogenetic analyses revealed that
RCs and marker chromosomes of unknown origin are concurrently present in most patients by
karyotyping, and 93% of patients with NGS data have complex karyotypes. A total of 72% of these
individuals have pathogenic mutations in TP53, most of whom also possess cytogenetic abnormalities
resulting in the loss of 17p, including the loss of TP53. All patients with a detected RC and without
complex karyotypes also lack TP53 mutations but have pathogenic mutations in TET2. Further, 70%
of RCs that map to a known chromosome are detected in individuals without TP53 mutations. Our
data suggest that RCs in hematological malignancies may arise through different mechanisms, but
ultimately promote widespread chromosomal instability.
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1. Introduction

A ring chromosome (RC) is a cytogenetic abnormality that arises when double-stranded
DNA breakpoints occurring on both arms of a linear chromosome have fused to form a
circular structure. RCs can be classified as supernumerary rings (+r) or non-supernumerary
rings (46, (r)). Supernumerary rings are predominantly composed of pericentromeric
material that contributes to copy number (CN) gain [1], whereas most non-supernumerary
rings (r) result in the loss of genetic material. In rare cases, non-supernumerary rings
may exhibit telomeric or sub-telomeric fusion, resulting in the ability to function like the
homologous chromosome due to the loss of very little genetic information [1].

All human chromosomes have shown evidence of RC formation in disease [1-5].
Constitutive RCs appear infrequently—with an incidence of approximately 1 in every
50,000 newborns—most of which are de novo [6,7]. Common phenotypic abnormalities
associated with constitutive RCs include epilepsy, growth delays, intellectual disability,
microcephaly, and craniofacial abnormalities [7]. RCs can derive from all human autosomes
and sex chromosomes, and RCs have also been reported in cytogenetic profiles of human
neoplasia. In fact, RCs arise so frequently in some mesenchymal tumors that the presence
of an RC represents a cytogenetic hallmark that can aid in differential diagnoses [8,9].

In contrast, RCs are relatively rare events seen in <10% of hematological malignan-
cies [10]. Despite this relatively infrequent occurrence, the appearance of an RC in patients
with hematologic disorders is consistently associated with poor prognosis [8,11,12]. Be-
cause RCs are recurring rearrangements that may impact the prognosis of patients with
hematological malignancies, gaining deeper insight into the cytogenetic and molecular
characteristics of patients with such rearrangements is of interest.

Meta-analyses suggest that RCs are present in approximately 7.4% of acute myeloid
leukemias (AMLs), 6.8% of chronic lymphocytic leukemias (CLLs), 5.9% of myelodysplastic
syndromes (MDSs), 5.1% of lymphomas, 3.4% of acute lymphoblastic leukemias (ALLs),
and 1.9% of multiple myelomas (MMs) [8]. In cases with myeloid malignancies, 20.1% of
observed RCs are estimated to be derived from chromosome 11, r(11), 14.9% from chromo-
some 7, 8.6% from chromosome 5, 7.8% from chromosome 21, and 6% from chromosome
18, whereas in lymphoid malignancies, 15% of RCs are estimated to be derived from chro-
mosome 7, 12% from chromosome 1, 11% from chromosome 21, 8% from chromosome 9,
and 5% from chromosome 8 [8].

RC formation has been thought to act as an alternative chromosome rescue mechanism
for acrocentric chromosomes [1]; therefore, it is unsurprising that amplification of rRNA
genes [13] clustered on the p arms of acrocentric chromosomes have been mapped to RCs
in patients with a disease promoted by genomic instability. It is also unsurprising that
amplification of proto-oncogenes, such as KMT2A (MLL) [14,15], a histone 3 lysine 4 methyl-
transferase with gene regulatory function during hematopoiesis on chromosome 11 and
RUNX1 (AMLI)/CBFA2 [16,17], a transcription factor involved in normal hematopoietic
development on acrocentric chromosome 21, have been mapped to RCs in patients with
these malignancies. To date, eight independent cases have also exhibited r(6) accompanied
by t(15;17) [10]. Nevertheless, due to the scarcity of hematological malignancies with RCs, it
remains challenging to elucidate consistent patterns in CN loss or gain, or genetic variants
associated with RC formation in these disorders.

Therefore, we sought to evaluate the incidence of RC formation in hematological
malignancies diagnosed at the Johns Hopkins Hospital. We provide karyotype information
for the largest cohort of patients with hematological malignancies and concomitant RCs to
date. Because the molecular profiles of patients with RCs are not well characterized, we
also sought to evaluate the suite of genetic variants and structural abnormalities carried
by patients with a karyotype containing an RC, using Next-Generation Sequencing (NGS).
Ultimately, this study provides a comprehensive profile of pathological gene mutations
and copy number variants (CNVs) associated with hematological RCs.
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2. Materials and Methods
2.1. Patient Cohort

Internally, we performed routine chromosome analysis from 13,124 hematological
malignant specimens between 2014 and 2022. In total, 98 (0.75%) specimens, includ-
ing 90 myeloid malignancies and 8 lymphoid malignancies, were selected for this study
on the basis that they possessed RCs (Supplementary Table S1). Clinical, morphologic,
immunophenotypic, cytogenetic, and/or molecular genetic features based on standard
hematopathology practice, as well as the guidelines of the World Health Organization (the
4th edition), were used to classify these cases (Table 1). All procedures followed were in
accordance with the ethical standards of the Institutional Committee on Human Experi-
mentation and with the Helsinki Declaration of 1975. The research was approved by the
Local Ethics Committee from the Johns Hopkins Hospital (IRB00398121), USA.

Table 1. WHO classification of 98 patients with ring chromosomes in this study.

WHO Classification Total Patients (%) Mean Age at Diagnosis (Age Ranges)
Myeloid malignancies

Acute myeloid leukemia (AML) 47 (48.0) 67 (44-88)
Myelodysplastic syndromes (MDS) 37 (37.8) 70 (34-86)
Chronic myelomonocytic leukemia (CMML) — AML 3(3.1) 62 (42-76)
Chronic myeloid leukemia (CML) — AML 2 (2.0) 60 (56-66)
CML 1 (1.0) 61
Lymphoid malignancies

Multiple myeloma (MM) 5(5.1) 61 (42-74)
Acute lymphoblastic leukemia (ALL) 2 (2.0 40 (6-74)
Chronic lymphocytic leukemia (CLL) 1(1.0) 70

2.2. Cytogenetics Data

Bone marrow (BM) or peripheral blood (PB) specimens were collected from patients
at diagnosis. Conventional chromosome analysis was performed on metaphase spreads
from all patient samples, and karyotypes were described in strict accordance with the
International System for Human Cytogenetic Nomenclature (version 2013, 2016, or 2020)
(Supplementary Table S1) [18]. Interphase fluorescence in situ hybridization (FISH) and
SNP microarray were performed, as described previously [19].

2.3. Next-Generation Sequencing

DNA was extracted by conventional methods per manufacturer’s instructions (QI-
Acube; Qiagen, Hilden, Germany). DNA concentration was assessed using a Qubit fluo-
rometer (Thermo Fisher Scientific, Waltham, MA, USA). NGS was performed on extracted
genomic DNA, as outlined previously [19]. Briefly, library preparation was performed
using Kapa Roche (Wilmington, MA, USA) reagents; hybrid capture was performed using
Integrated DNA Technologies (IDT) probes (Coralville, IA, USA); libraries were sequenced
using an Illumina NovaSeq (paired-end technology; Illumina, San Diego, CA, USA); and
sequences were aligned to GRCh38/hg38. The targeted NGS assay used 40,670 IDT probes
to cover a panel of 642 pan-cancer genes [19]. Mean read depth was 765x (range 341-1289),
and 99.99% of target regions were captured at a level higher than 150 x. Sequencing reads
were visualized using the Integrative Genomics Viewer (IGV, Broad Institute, Cambridge,
MA, USA). As previously described [20], oncogenic somatic variants were considered
candidate somatic mutations if (1) variants were present with minimum variant allele
frequency of >1%, in at least two alternate reads in both directions, and had an alter-
nate allele base with mean Qscore of >11; (2) variants are described in COSMIC and/or
ClinVar as being known cancer-associated mutations or mutational hotspots; and (3) vari-
ants were classified as deleterious and/or probably damaging by PolyPhen-2 [21] and /or
SIFT [22] servers.
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2.4. Data and Statistical Analysis

All data were analyzed using R version 4.2.1 with custom functions and packages:
ggplot2 version 3.4.0, stringr version 1.5.0, tidyr version 1.2.1, and dplyr version 1.0.10.
The oncoplot was generated using a template from https:/ /github.com/ptgrogan/excel-
oncoplot, accessed on 20 October 2023. All data and analysis pipelines are available
at https:/ /github.com/rachelboyd /Hematological Ring_Chromosomes, accessed on 12
November 2023.

3. Results
3.1. Subtypes of RCs in Myeloid Malignancies with Various Chromosomal Abnormalities

The identified myeloid malignancies (n = 90) in decreasing frequency included AML
(n =47, 52.2%), MDS (n = 37; 41.1%), chronic myelomonocytic leukemia (CMML) converted
to AML (n = 3; 3.3%), chronic myeloid leukemia (CML) (1 = 1, 1.1%), and CML converted to
AML (n =2,2.2%) (Table 1). Of the 90 patients with myeloid malignancies and RCs, 81 (90%)
had complex karyotypes with greater than three independent cytogenetic abnormalities,
5 (5.6%) had 3 chromosomal abnormalities, and 4 (4.4%) had only 1 chromosomal abnor-
mality in addition to the RC (Supplementary Table S1). NGS-based gene mutation results
were available for 58 patients with RCs and myeloid malignancies.

Common CNVs in these complex karyotypes included monosomy 7 (-7) or 7q deletion
(7q-) (44.44%), -5/-5q (40.7%), -17 /-17p (21%), as well as a gain of marker chromosome(s)
of unknown origin (+mar) (63%), and structural abnormalities on chromosomes 11 (56.8%)
and 18 (44.44%) (Figure 1A-D). Of these patients, 14 (17.3%) had multiple RCs. Roughly
13/14 (93%) individuals with multiple RCs had a +mar of unknown origin, 71% had a
chromosome 22q abnormality, and 64% had a chromosome 11 abnormality.
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Figure 1. Chromosomal abnormalities in RC patients with myeloid-derived cancers. (A) Distribu-
tion of the frequency with specific chromosomal abnormalities is seen among 90 karyotypes from
patients with myeloid-derived cancers and RC (dmin = double-minute chromosome; — = chromosomal
deletion; + = chromosomal addition; add = addition of unknown origin; del = segmental deletion;
der = derivative chromosome; dic = dicentric chromosome; dup = segmental duplication; i = isochromo-
some; idic = isodicentric chromosome; ins = insertion; inv = inversion; r (chr) = chromosome-derived
RC; t = translocation). (B) Distribution of the number of myeloid-derived cancer patient karyotypes with
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at least one structural abnormality for a given chromosome. (C) The frequency of segmental deletions.
(D) unknown additions seen in the p arms and q arms of affected chromosomes, across 90 karyotypes
from patients with myeloid-derived cancers.

Two individuals in our cohort (case IDs 21 and 73) possessed double-minute chromo-
somes. Because double-minute chromosomes are frequently comprised of either KMT2A /MLL
or MYC gene segments that are amplified in multiple copies, FISH was performed in these
two cases using KMT2A and MYC probe sets. Both patients had normal CN for KMT2A, but
amplification of MYC/c-MYC (Supplementary Figure S1), an oncogene that encodes a nuclear
phosphoprotein involved in cell cycle progression, apoptosis, and cellular transformation.

Our data demonstrate that 89% of patients with myeloid malignancies and RCs in
our cohort possessed >1 RC of unknown origin (+r). Of the 10 individuals who possessed
rings that were able to be mapped to a cognate chromosome, 3 mapped to chromosome 7,
3 mapped to chromosome 6, 2 mapped to chromosome 3, 1 mapped to chromosome 2, and
1 mapped to chromosome 18 (Supplementary Table S1; Figure 1A). Interestingly, previous
cases report hematological malignancies with +r(11), +r(7), +r(5), +r(18), and +r(21) [8].
However, in our dataset, the structural chromosomal abnormalities most frequently involve
chromosomes 5, 7, 11, 18, and 17 (Figure 1B).

In addition to chromosomal monosomies, segmental deletions and unknown additions
are the most common structural abnormalities seen among these same chromosomes. Our
data demonstrate that most add and del CNVs occur on specific arms of the chromosomes
with the most chromosomal abnormalities, implicating a recurrent role for the involvement
of cancer-associated loci (Figure 1C,D). The exception to this trend is add(17p) (Figure 1D),
which involves the deletion of the chromosome 17p arm at the indicated location replaced
by additional material of unknown origin (Figure 1D). These data suggest that RCs in
myeloid malignancies are predominantly marker RCs associated with complex karyotypes
and marker chromosomes with additional chromosomal instabilities among chromosomes
5,7,11,17, and 18.

3.2. Genetic Mutations among Patients with Myeloid Malignancies and RCs

The majority of patients with myeloid malignancies and RCs with NGS data
(n = 58) possess at least one candidate pathogenic mutation in TP53 (n = 39 patients; 67.2%),
which is normally involved in cell signaling in response to stress; TET2 (n = 8 patients;
13.8%), which is normally involved in catalyzing the conversion of methylcytosine to
5-hydroxymethylcytosine; and/or NRAS (n = 7 patients; 12.1%), which normally functions
as a GTPase (Supplementary Table S1). In fact, many of these patients exhibit multiple
heterozygous or bi-allelic pathogenic mutations in TP53, TET2, and NRAS (Figure 2). Mean-
while, five or fewer patients possess putative pathogenic variants in additional genes that
have been implicated in myeloid malignancies, such as DNMT3A (a DNA methyltrans-
ferase) [23], KRAS (a GTPase) [24], CEBPA (a transcription factor involved in cell cycle
regulation) [25], ASXL1 (a polycomb group protein involved in transcriptional regula-
tion) [26], and SF3B1 (a splicing factor involved in U2 snRNP formation) [27] (Figure 2).

Four individuals lacked complex karyotypes, which showed the following:
(1) 46,XY,—7 +1; (2) 46,XY,—18,+1; (3) 48,XX,+4,+1; and (4) 46, XX,r(18)(p11.3q23)[2] /46, XX,t(7;17)
(936;921)[2]/46,XX[15]. Of these four patients, none possess a TP53 mutation, whereas three
(75%) have dissimilar pathogenic mutations in TET2 and DNMT3A (two of which have
two TET2 mutations and one DMNT3A mutation), and the two patients without multiple
TET2 mutations share a g.209113113 G>A mutation in the NAD(+)-dependent isocitrate
dehydrogenase, IDH]1, that results in a p.R132C amino acid substitution (Supplementary
Table S1).
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Figure 2. (A) Oncoplot of patients with myeloid-derived malignancies and RCs, including the
(B) distribution of mutation type among each affected gene. Patient # was from the Table S1.

Among the 39 patients with TP53 mutations, common structural abnormalities include
monosomy 5, 7, 17, and 18, unknown additions to chromosomes 5, 7, 11, and 17, segmental
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deletions of chromosomes 5 and 11, and the acquisition of marker chromosomes (Figure 3A).
Two patients in this group have RCs that map to a specific chromosome, r(3) and r(6). Aside
from acquiring RCs and marker chromosomes, patients with TET2 (Figure 3B) and/or
NRAS (Figure 3C) mutations do not share common structural abnormalities; however, due
to the small groups of patients with these characteristics, these results should be interpreted
with caution. Included in these patient groups are three individuals with NRAS and TP53
mutations, one with a TET2 mutation and two TP53 mutations, and one with a TET2
mutation and an NRAS mutation.
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Figure 3. Gene mutations in RC patients with myeloid-derived cancers. (A) Distribution of the
frequency of specific chromosomal abnormalities seen among 39 karyotypes from patients with
myeloid-derived cancers that possess pathogenic variants in TP53. (B) Distribution of the frequency
of specific chromosomal abnormalities seen among eight karyotypes from patients with myeloid-
derived cancers that possess pathogenic variants in TET2. (C) Distribution of the frequency of
specific chromosomal abnormalities seen among seven karyotypes from patients with myeloid-
derived cancers that possess pathogenic variants in NRAS. (D) Distribution of the frequency of
specific chromosomal abnormalities seen among 19 karyotypes from patients with myeloid-derived
cancers that do not possess pathogenic variants in TP53 (dmin = double-minute chromosomes;
— = chromosomal deletion; + = chromosomal addition; add = addition of unknown origin;
del = segmental deletion; der = derivative chromosome; dic = dicentric chromosome; dup = segmental
duplication; i = isochromosome; idic = isodicentric chromosome; ins = insertion; inv = inversion;
r (chr) = chromosomal-derived ring chromosome; t = translocation).

Among the 19 patients that lack TP53 mutations, marker chromosomes and mono-
somy 7 or partial chromosome 7 deletions are the most common structural abnormalities
(Figure 3D). Interestingly, 70% of the chromosome-derived rings seen in this dataset are
possessed by patients without TP53 mutations. Specifically, these RCs map to chromosomes
2,3,6(x2),7(x2), and 18 (Figure 3D). While this could arise from mechanistic differences
between myeloid malignancies in patients with or without TP53 mutations, it may also be
the case that the chromosomal origin of an RC is more easily identified in non-complex
karyotypes where there are fewer total chromosomal rearrangements and RCs are less
likely to be the result of multi-segment rings. However, among these seven cases, four
come from complex karyotypes and three come from non-complex karyotypes.

Perhaps unsurprisingly, these data suggest that the TP53 locus and other known tumor
suppressor genes and/or oncogenes are implicated in myeloid malignancies with RCs.
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Among all patients with NGS data, the presence of marker chromosomes and monosomy 7
are the most frequent cytogenetic abnormalities. These data also suggest that the mecha-
nism of RC formation may be dependent on the presence of a TP53 mutation—RCs that
map to a specific chromosome are more likely to arise in patients without TP53 mutations,
whereas RCs of unknown origin are more likely to arise in patients with TP53 mutations.

3.3. TP53 Mutations and Chromosome 17 Abnormalities among Patients with Myeloid
Malignancies and RCs

TP53 is a well-characterized tumor suppressor gene that plays critical regulatory roles
in cell cycle regulation, DNA repair, and apoptosis. Mutations in TP53 are the most common
in human cancers (50-60%) [28]; however, disproportionately fewer patients with MDS and
AML have mutations in TP53 (<20%) [29-32]. In contrast, 67.2% of sequenced patients with
myeloid malignancies and RCs in our dataset possess pathogenic variants in TP53, possibly
due to the large proportion of patients with complex karyotypes. Among these patients,
64% possess one distinct TP53 mutation and 36% possess two distinct TP53 mutations;
however, the two-hit hypothesis postulates that both TP53 alleles must be lost to elicit a
pathogenic effect, which is the case for >90% of human cancers. Because the chromosomal
phase could not be determined from short-read NGS data, it is unclear whether the patients
in our dataset are homozygous or compound heterozygous for their identified mutations.
Therefore, we sought to look beyond whether patients possess a pathogenic TP53 mutation
and determine the frequency with which patients possess structural abnormalities of the
17p genomic region leading to TP53 copy number loss (CNL).

We found that 21 patients with a TP53 mutation (54%) also possess cytogenetic ab-
normalities indicative of TP53 CNL (Supplementary Table S2). These include loss of the
TP53 locus at chromosome 17p13.1 through the formation of derivative, dicentric, and
isochromosomes, as well as -17/-17p, and add (17) (Figure 4A, Tables S1 and S2).
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Figure 4. TP53 mutations and chromosomal abnormalities in myeloid RCs. (A) Chromosome 17
ideogram indicating the cytogenetic position of TP53 and various structural abnormalities
(add = unknown addition; der = derivative chromosome; dic = dicentric chromosome; i = isochro-
mosome; idic = isodicentric chromosome). (B) TP53 protein structure with the relative locations of
amino acid changes associated with TP53 mutations (Mut = TP53 mutation; Mut 1/1 = the only TP53
mutation in that patient; Mut 1/2 = one of the two mutations in a patient; * = nonsense; del = deletion;
fs = frameshift; NLS = nuclear localization signal).
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The majority of these patients’ karyotypes (n = 12; 57%) show monosomy 17
(Figure 5A), two of which also indicate add(17p) leading to loss of 17p13.1. An addi-
tional four patients have TP53 CNL by add(17p) alone (19%; Figure 5B,C), two patients
have a derivative chromosome 17 (9.5%; Figure 5D,E), and one patient has a dicentric
chromosome 17 (4.8%; Figure 5F). Two patients have 17p-, and another two patients have
isochromosome 17 (Figure 5G); however, only one of each pair of these individuals has
a TP53 mutation (Table S2). Among the patients with myeloid malignancies that lack
NGS data, one individual has an isodicentric chromosome 17, leading to the loss of 17p

(Figure 4A).
A B C
P { p J p {
» .
T e | T
17 add(17,
a 17 18 q 2dd(17p) 17 add(17p)
7 17 add(17p) 17 add(17p)
B ;’: E; :..‘
p.R273H p.S215G p. S127T ' pR248W

it

i

it
0

....................................

PaE - / E v

17
i 5 3 W o
40 ¢ € ¢
’ 159 4
der(5;17) 17 5 der(5:17) 17 q

10,910,
P10410) 15 der(1517) 17 15 der(1517) 17

Tt
i
it

p.H179Y

cccccc

..........

F G
® p g J 17q 1
P

a“ - -

17 & - 174 o =

g : q -~ "
5 dic(517) 17 5 dic(517) 17 17 i(17)(q10) 17 i(17)(q10)

||
K164E p.Y163C

Figure 5. Structural rearrangements seen in karyotypes from myeloid RCs with TP53 mutations.
(A) Monosomy 17 and a TP53 mutation in case 88; (B) An add(17p) and a TP53 mutation in case 38;
(C) An add(17p) and TP53 mutation in case 36; (D) A derivative chromosome of 5 and 17 and a
TP53 mutation in case 26; (E) A derivative chromosome of 15 and 17 and a TP53 mutation in case 90;
* = nonsense mutation; (F) A dicentric chromosome of 5 and 17 and a TP53 mutation in case 24;
(G) An isochromosome 17q and a TP53 mutation in case 76. Red arrows point to abnormal chromo-
somes, resulting in a loss of 17p, including TP53.
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For patients with add(17), we next employed FISH using TP53 and centromere 17
probes to further determine CNVs for TP53. A total of seven cases in our cohort had
add(17p), and one case had add(17q). TP53 FISH was performed on available cell pellets of
six add(17p) cases and one add(17q) case. The add(17q) case (case 46) had a normal TP53
CN (Figure 6A), as expected. Among cases with add(17p), three cases (case ID 27, 41, and
98) had CNL of TP53 with a FISH signal pattern consistent with the loss of 17p (Figure 6B),
two cases (case ID 36 and 38) had an abnormal TP53 CN (with diminished fluorescence
intensity of TP53) (Figure 6C), and one case (case ID 41) had CNL of TP53 with a FISH signal
pattern consistent with monosomy 17 (Figure 6D). The two cases (case ID 36 and 38) with
diminished fluorescence intensity signals of TP53 also had a normal fluorescence intensity of
TP53, which may suggest complex abnormalities (such as rearrangements/CNVs) involving
TP53 gene due to various other chromosomal abnormalities in RC cases by karyotype.
Besides FISH, multiplex ligation-dependent probe amplification (MLPA), chromosomal
microarray analysis (CMA), and whole-genome sequence data would be useful to further
determine CNL status of TP53.

A

Figure 6. TP53 FISH in RC patients with add(17) where red = TP53 and green = centromere 17
(Cen17). (A) Normal copy number of TP53 (2R2G) with add(17q) (case 46). (B) Loss of TP53 (1R2G,
red arrow points to TP53 signal) (case 27). (C) Abnormal TP53 copy number (2Rdim1R2G with red
arrows pointing to two diminished fluorescence intensity signals of TP53) (case 38). (D) Loss of TP53
due to monosomy 17 (1R1G) (case 41). Cells were stained with 4,6-diamidino-2-phenylindole (DAPI)
in blue color.

Next, we studied the mutational landscape of TP53 in patients with myeloid-derived
cancers and RCs to determine if mutations are enriched at particular residues or associated
with specific cytogenetic abnormalities. A total of 54 TP53 mutations exist among the
39 patients with mutations at this locus, 44 of which are unique (Supplementary Table S2).
Overall, 38 of 54 mutations are missense (70%), 3 are nonsense, 3 cause a frameshift (1 of
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which leads to a premature stop), 2 result in intron inclusion, and 1 results in an in-frame
deletion (Figure 4B). In concordance with previous reports that have characterized the
mutational landscape of TP53 in MDS [30] and AML [33,34], we found that the majority of
TP53 mutations occur in residues within the DNA-binding domain (Figure 4B), with partic-
ular enrichment for g.7577538 C>T/g.7577539 G>A/C (p.R248W/Q/G; n = 6), g.7578190
T>C (p.Y220C; n = 3), and g.7577120 C>T/A (p.R273H/L; n = 3). All three patients with
missense mutations at g.7577120 (p.R273) have corresponding monosomy for chromosome
17 (Figure 4B; Supplementary Table S2). Otherwise, there appears not to be a relationship
between cytogenetic abnormalities and particular TP53 mutations.

Taken together, these data suggest that patients with myeloid malignancies may
acquire RCs of unknown origin through cell cycle instability resulting from loss of function
(LOF) TP53 mutations combined with CNL of TP53 at 17p13.1. While there does not appear
to be one specific cytogenetic abnormality coupled with RCs, mutations in TP53 that affect
residues in the DNA-binding domain, or cause premature termination or frameshifts, are
associated with chromosomal instability that may promote RC formation.

3.4. Subtypes of RCs in Lymphoid Malignancies with Various Chromosomal Abnormalities

The identified lymphoid malignancies (n = 8) in decreasing frequency included MMs
(n =5;62.5%), ALLs (n = 2;25.0%), and CLLs (1 = 1; 12.5%). Among the eight patients with
lymphoid-derived malignancies, 100% had complex karyotypes with exactly one ring of
unknown origin (+r), and only two (25%) patients had an associated +mar (Supplementary
Table S1; Supplementary Figure S2A). The majority of patients possessed at least one
structural abnormality on chromosome 8 (87.5%), chromosome 6 (75%), and chromosome
22 (62.5%) (Supplementary Figure S2B). Common aneuploidies in these patients include
monosomy 13 or 13q deletion (13g-) (75%), nullisomy/monosomy 22 (50%), and monosomy
4 (37.5%) (Supplementary Figure S2A). Other common structural abnormalities include
add(1) and add(8) (Supplementary Figure S2A). In contrast with the data from patients
with myeloid-derived malignancies, among the patients with lymphoid-derived malignan-
cies, segmental deletions (Supplementary Figure S2C) and additions of unknown origin
(Supplementary Figure S2D) were primarily enriched in the p arms of the affected chro-
mosomes. NGS data were only available for one patient with a singular TP53 mutation
affecting the resulting protein’s DNA binding region (g.7577095 G>C; p.D281E). Although
a larger sample size of patients with lymphoid malignancies and RCs would permit more
thorough analyses and confidence in the observed trends, these data suggest that RC
formation in hematological disorders may arise through different mechanisms between
patients with lymphoid- and myeloid-derived malignancies.

4. Discussion

Our study provides karyotype data and corresponding mutational profiles for the
largest cohort of patients with hematological malignancies and concomitant RCs to date.
Additionally, our data provide further biological insight into the presence of RCs in this
patient group. Through a combination of karyotype analysis and detection of putative
pathogenic variants from NGS data, we have begun to identify genetic mutations and chro-
mosomal abnormalities that may contribute to the pathogenicity of RCs in hematological
malignancies.

Our data reveal that most patients with RCs possess complex karyotypes that indi-
cate significant chromosomal abnormalities, including marker chromosomes; complex
structural arrangements of chromosomes 5, 7, and 11; and CNVs among chromosomes 5,
7,11, 17, and 18. Previous reports have similarly found a high frequency of cytogenetic
abnormalities associated with chromosomes 5, 7, 11, and 17 in AML and MDS patient
karyotypes [14,17,19,35,36]. Among previous studies that have specifically characterized
AML and MDS patients with RCs, one similarly found an association between RCs and com-
plex karyotypes, observed that 79% of their patient cohort had RCs of unknown origin [37]
(compared to 89% of our cohort), and saw that 73% of their cohort possessed concomitant
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marker chromosomes (compared to 63% of our cohort), while the other found that most
RCs in their patient cohort mapped to chromosomes 5, 7, 11, 18, and 21 [8]. An increasing
number of studies have also shown that r(6) is often accompanied by t(15;17) [10]; however,
no patient in our study possessed r(6) accompanied by t(15;17).

Our data further demonstrate that among add and del CNVs on chromosomes 5, 7, 11,
and 17, most of these events occur at the q arm of affected chromosomes, with 17p being a
notable exception. This is of particular significance, because the TP53 tumor suppressor
gene is found at 17p13.1. In fact, an analysis of NGS data reveals that the majority of
patients in our cohort have putative pathogenic mutations in TP53. Most TP53 mutations
are missense mutations that affect amino acid residues within the DNA-binding domain of
the resulting protein, or frameshift and nonsense mutations that lead to TP53 LOF. Notably,
there is evidence that a similar proportion of AML patients with complex karyotypes and
poor prognoses tend to possess TP53 alterations (~70%) [38], and these patients also possess
similar CN alterations, including -5/5q-, -7/7q-, -18/18q-, and +11/+11q/amp11q13~25.
Many of the pathogenic mutations identified in our dataset have been seen in other AML
and MDS patient cohorts [29-34]; however, our study is the first to specifically characterize
the distribution of TP53 mutations in patients with RCs.

We also demonstrate that by integrating mutation data and karyotype data, we were
able to provide evidence of 24 patients, 3 of whom do not possess NGS data or a TP53
mutation, with chromosomal aberrations leading to the loss of one or both copies of TP53.
In many of these patients, 17p CNVs and /or monosomy 17 may represent the “second hit”
required for the pathogenic effect of the “first hit” that is a TP53 mutation. Conversely, a sub-
set of patients lacking TP53 mutations possess mutations in other known genes implicated
in myeloid malignancies, including TET2, NRAS, and DNMT3A [20,29,32]. Interestingly,
we observe that the patients without TP53 mutations or 17p CNL structural abnormalities
are more likely to possess chromosome-specific RCs and non-complex karyotypes.

Taken together, our data suggest that multiple mechanistic subtypes of RCs may exist
in hematological malignancies. While there do not appear to be chromosomal hotspots
associated with RCs in myeloid- or lymphoid-derived malignancies at large, or among
patients with and without TP53 mutations (Supplementary Figure S3), the mechanism of
RC formation, and the role RCs play in these diseases may differ. RCs are known to arise
through a variety of catastrophic genome cohesion/repair failures (e.g., chromoanagenesis).
For example, there is evidence suggesting that marker chromosomes and ring chromo-
somes can both arise from chromothripsis, that TP53 mutations promote chromothripsis
events, and that all of these events are independently associated with poor prognosis in
myeloid malignancies [39,40]. Furthermore, there is evidence that marker chromosomes
can form ring structures [41-43]. Therefore, we postulate that in individuals with TP53
mutations and/or chromosome 17 CNL, the accumulation of these events may lead to
cell cycle instability, resulting in chromothripsis and the subsequent formation of marker
chromosomes that form derivative ring structures upon subsequent cell divisions.

Moreover, in patients without a TP53 mutation, cell cycle instability may arise through
pathogenic mutations in other tumor suppressor genes or may be promoted by oncogene
amplification mapped to a chromosome-derived RC, which may explain the segregation of
RC mapping to cognate chromosomes in these patients. In fact, it is well known that cell
cycle checkpoint deficiencies and short telomeres may lead to chromosome end-joining
and the formation of RCs, chromosome bridges, isochromosomes, polyploidy, dicentric
chromosomes, and other structural rearrangements in many cancers [7,9,44]. For exam-
ple, TET2 is another tumor suppressor gene, mutations in which are thought to lead to
hematopoietic stem cell proliferation deficiencies [45] and may prevent genomic stability
by impeding the addition of 5-hydroxymethylcytosine at sites of DNA damage in cancer
cells [46]. Constitutive RC in disease is known to be associated with growth delays and
increased cell death [47,48]; therefore, it is unsurprising that mutations in tumor suppressor
genes and genes involved in cell cycle checkpoints may allow RCs to persist through cell
cycle checkpoints in hematological malignancies.
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RC formation and pathogenicity in lymphoid malignancies may arise through dif-
ferent mechanisms from those with myeloid malignancies; however, a larger sample size
of patients with lymphoid malignancies and RCs would be required to observe real dif-
ferences between these groups. In addition to acquiring larger cohorts of patients with
lymphoid malignancies, high-throughput genomic strategies could be employed to com-
pare the molecular profiles of patients with myeloid vs. lymphoid malignancies and RCs.
Ultimately, by assessing the landscape of patients with hematological malignancies and
RCs, we propose that RC formation may be a cause and/or effect of cell cycle instability in
these patients, with the direction of this relationship determined by the presence of TP53
mutations. Finally, due to the scarcity of RCs in hematological malignancies, our dataset
represents a resource that will be particularly valuable to future analyses that aim to assess
the cytogenetic and mutational landscapes of patients with these abnormalities. Future
studies that accumulate more RCs from multi-centers, obtain comprehensive clinical data,
and follow various treatment strategies in patients with RCs will shed light on treatment
response rates, survival rates, and overall prognosis of these patients.

5. Conclusions

A subset of patients with hematological malignancies and RCs (0.75%) was identified
in our institution. A total of 92% of these patients had myeloid-derived cancers, associated
with complex karyotypes and recurrent CNVs involving chromosomes 5, 7, 11, 17, and 18.
Among patients with myeloid-derived malignancies for which NGS data were available,
93% had complex karyotypes and 72% of these individuals had pathogenic mutations in
TP53. By integrating NGS and karyotype data, we found that 54% of individuals with
TP53 mutations also possessed cytogenetic abnormalities leading to TP53 CNL. All patients
with RCs that lacked complex karyotypes also lacked TP53 mutations but had pathogenic
mutations in TET2, and of the 10 RCs that were able to be mapped to a cognate chromosome,
70% were found in karyotypes from patients without TP53 mutations. Most individuals in
our dataset (63%) had at least one +mar, including 77% of individuals with TP53 mutations
and 93% of patients with multiple RCs of unknown origin, suggesting that TP53 deficiency
may promote a cascade of genomic instability that includes marker chromosome and
RC formation.

Overall, this study identified specific molecular profiles that may be associated with
distinct RC subtypes in myeloid malignancies. We postulate that these subtypes may
be defined by TP53 mutational status and the genomic composition of RCs. These data
indicate that future studies of the different myeloid RC subtypes’ molecular profiles and
their impact on disease outcomes are needed to inform clinical decision making. Future
studies should evaluate the presence of cryptic imbalances and genomic content involved
in those affected with hematological malignancies and RCs.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cancers15225439/s1, Supplementary Table S1: Karyotype infor-
mation and corresponding NGS data for 98 patients with hematological malignancies; Supplementary
Figure S1: Double-minute chromosomes in RC patients; Supplementary Figure S2: Distribution of
chromosomal abnormalities seen among eight karyotypes from patients with lymphoid-derived can-
cers and RCs; Supplementary Figure S3: Chromosome size-normalized distribution of the frequency
that specific chromosomal abnormalities are seen among patients with myeloid- and lymphoid-
derived cancers and RCs; Supplementary Table S2: TP53 mutations and co-occurring structural
abnormalities on chromosome 17.

Author Contributions: Y.S.Z., ].B.M. and R.J.B. conceptualized the study and designed research.
RJ.B., YS.Z,LAM., MK, CD.G. and S.C. performed the research and analyzed the data. Y.5.Z.,
L.AM., MK and S.C. undertook the methodology. R.J.B. wrote the paper. R].B. and Y.S.Z. designed
figures using R and Biorender. Y.S.Z., ].B.M. and A.S.M. contributed to the scientific discussion,
data interpretation, and paper revision. Y.5.Z., L. AM., M.K. and S.C. provided patient samples and
clinical data. All authors have read and agreed to the published version of the manuscript.


https://www.mdpi.com/article/10.3390/cancers15225439/s1
https://www.mdpi.com/article/10.3390/cancers15225439/s1

Cancers 2023, 15, 5439 14 of 16

Funding: The Johns Hopkins Cytogenomics Laboratory is an academic laboratory supported by the
Johns Hopkins School of Medicine Department of Pathology. This research was supported in part by
awards from the National Institutes of Health (R0O1HG010480 and R21 NS128604) to A.S.M. and by
the Canadian Institutes of Health Research (DFD-181599) to R.J.B. R.]J.B. was funded in part from a
National Institute of General Medical Sciences (NIGMS) grant (T32GM148383).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki. The institutional review board of Johns Hopkins Medicine (protocol code
IRB00398121 on 17 July 2023) approved this study.

Informed Consent Statement: Patient consent was waived due to the retrospective nature of
the study.

Data Availability Statement: The dataset for the current study is available at https://github.com/
rachelboyd /Hematological_Ring_Chromosomes, accessed on 12 November 2023.

Acknowledgments: The authors would like to acknowledge the efforts of the cytogenetics technolo-
gists and laboratory technicians of the Johns Hopkins Cytogenomics Laboratory.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yip, M.-Y. Autosomal Ring Chromosomes in Human Genetic Disorders. Transl. Pediatr. 2015, 4, 164. [CrossRef] [PubMed]

2. Guilherme, R.S.; Meloni, VEA.; Kim, C.A,; Pellegrino, R.; Takeno, S.S.; Spinner, N.B.; Conlin, L.K.; Christofolini, D.M.; Kulikowski,
L.D.; Melaragno, M.I. Mechanisms of Ring Chromosome Formation, Ring Instability and Clinical Consequences. BMC Med. Genet.
2011, 12, 171. [CrossRef] [PubMed]

3.  Kjessler, B.; Gustavson, K.-H.; Wigertz, A. Apparently Non-Deleted Ring-1 Chromosome and Extreme Growth Failure in a
Mentally Retarded Girl. Clin. Genet. 1978, 14, 8-15. [CrossRef]

4, McGinniss, M.].; Kazazian, H.H.; Stetten, G.; Petersen, M.B.; Boman, H.; Engel, E.; Greenberg, F.; Hertz, ] M.; Johnson, A ; Laca, Z.;
et al. Mechanisms of Ring Chromosome Formation in 11 Cases of Human Ring Chromosome 21. Am. J. Hum. Genet. 1992, 50,
15-28.

5. Mcginniss, M.].; Brown, D.H.; Burke, L.W.; Mascarello, ].T.; Jones, M.C. Ring Chromosome X in a Child With Manifestations of
Kabuki Syndrome. |. Med. Genet. 1997, 70, 37-42. [CrossRef]

6. Li, P; Dupont, B.; Hu, Q.; Crimi, M.; Shen, Y.; Lebedev, L; Liehr, T. The Past, Present, and Future for Constitutional Ring
Chromosomes: A Report of the International Consortium for Human Ring Chromosomes. Hum. Genet. Genom. Adv. 2022,
3,100139. [CrossRef]

7. Pristyazhnyuk, LE.; Menzorov, A.G. Ring Chromosomes: From Formation to Clinical Potential. Protoplasma 2018, 255, 439-4409.
[CrossRef]

8.  Gebhart, E. Ring Chromosomes in Human Neoplasias. Cyfogenet. Genome Res. 2008, 121, 149-173. [CrossRef] [PubMed]

9. Gisselsson, D.; Hoglund, M.; Mertens, E.; Johansson, B.; Dal Cin, P.; Van Den Berghe, H.; Earnshaw, W.C.; Mitelman, F.; Mandahl,
N. The Structure and Dynamics of Ring Chromosomes in Human Neoplastic and Non-Neoplastic Cells. Hum. Genet. 1999, 104,
315-325. [CrossRef]

10. Park, T.S.; Kim, J.; Song, J.; Song, S.; Suh, B.; Choi, J.R.; Kim, S.J.; Lee, HW.; Min, Y.H. Association between Acute Promyelocytic
Leukemia and Ring Chromosome 6. Cancer Genet. Cytogenet. 2009, 192, 48-50. [CrossRef]

11.  Werner-Favre, C.; Beris, P.; Piguet, D.; Engel, E. Ring Chromosomes and Hematologic Disorders. Cancer Genet. Cytogenet. 1986, 23,
265-267. [CrossRef]

12.  Chandran, R K.; Geetha, N.; Sakthivel, K.M.; Kumar, R.S.; Krishna, KM.N.].; Sreedharan, H. Impact of Additional Chromosomal
Aberrations on the Disease Progression of Chronic Myelogenous Leukemia. Front. Oncol. 2019, 9, 435498. [CrossRef]

13.  Fonatsch, C.; Nowotny, H.; Pittermann-Hocker, E.; Streubel, B.; Jager, U.; Valent, P; Biichner, T.; Lechner, K. Amplification of
Ribosomal RNA Genes in Acute Myeloid Leukemia. Genes Chromosom. Cancer 2001, 32, 11-17. [CrossRef] [PubMed]

14. Michaux, L.; Wlodarska, I.; Stul, M.; Dierlamm, J.; Mugneret, E; Herens, C.; Beverloo, B.; Verhest, A.; Verellen-Dumoulin,
C.; Verhoef, G.; et al. MLL Amplification in Myeloid Leukemias: A Study of 14 Cases with Multiple Copies of 11q23. Genes
Chromosom. Cancer 2000, 29, 40-47. [CrossRef] [PubMed]

15.  Yan, J.; Whittom, R.; Delage, R.; Drouin, R. A Unique Clone Involving Multiple Structural Chromosome Rearrangements in a
Myelodysplastic Syndrome Case. Cancer Genet. Cytogenet. 2003, 140, 138-144. [CrossRef]

16. Streubel, B.; Valent, P; Lechner, K.; Fonatsch, C. Amplification of the AML1(CBFA2) Gene on Ring Chromosomes in a Patient
with Acute Myeloid Leukemia and a Constitutional Ring Chromosome 21. Cancer Genet. Cytogenet. 2001, 124, 42—46. [CrossRef]

17. Kakazu, N.; Taniwaki, M.; Horiike, S.; Nishida, K.; Tatekawa, T.; Nagai, M.; Takahashi, T.; Akaogi, T.; Inazawa, J.; Ohki, M.; et al.

Combined Spectral Karyotyping and DAPI Banding Analysis of Chromosome Abnormalities in Myelodysplastic Syndrome.
Genes Chromosom. Cancer 1999, 26, 336-345. [CrossRef]


https://github.com/rachelboyd/Hematological_Ring_Chromosomes
https://github.com/rachelboyd/Hematological_Ring_Chromosomes
https://doi.org/10.3978/J.ISSN.2224-4336.2015.03.04
https://www.ncbi.nlm.nih.gov/pubmed/26835370
https://doi.org/10.1186/1471-2350-12-171
https://www.ncbi.nlm.nih.gov/pubmed/22188645
https://doi.org/10.1111/j.1399-0004.1978.tb02054.x
https://doi.org/10.1002/(SICI)1096-8628(19970502)70:1%3C37::AID-AJMG8%3E3.0.CO;2-O
https://doi.org/10.1016/j.xhgg.2022.100139
https://doi.org/10.1007/s00709-017-1165-1
https://doi.org/10.1159/000138881
https://www.ncbi.nlm.nih.gov/pubmed/18758155
https://doi.org/10.1007/s004390050960
https://doi.org/10.1016/j.cancergencyto.2009.02.009
https://doi.org/10.1016/0165-4608(86)90188-3
https://doi.org/10.3389/FONC.2019.00088
https://doi.org/10.1002/gcc.1161
https://www.ncbi.nlm.nih.gov/pubmed/11477656
https://doi.org/10.1002/1098-2264(2000)9999:9999%3C::AID-GCC1003%3E3.0.CO;2-U
https://www.ncbi.nlm.nih.gov/pubmed/10918392
https://doi.org/10.1016/S0165-4608(02)00682-9
https://doi.org/10.1016/S0165-4608(00)00318-6
https://doi.org/10.1002/(SICI)1098-2264(199912)26:4%3C336::AID-GCC8%3E3.0.CO;2-H

Cancers 2023, 15, 5439 15 of 16

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

McGowan-Jordan, J.; Hastings, R.J.; Moore, S. (Eds.) ISCN 2020: An International System for Human Cytogenomic Nomenclature
(2020); S. Karger AG: Basel, Switzerland, 2020; ISBN 978-3-318-06867-2.

Jiang, L.; Pallavajjala, A.; Huang, J.; Haley, L.; Morsberger, L.; Stinnett, V.; Hardy, M.; Park, R.; Ament, C.; Finch, A.; et al.
Clinical Utility of Targeted Next-Generation Sequencing Assay to Detect Copy Number Variants Associated with Myelodysplastic
Syndrome in Myeloid Malignancies. . Mol. Diagn. 2021, 23, 467-483. [CrossRef]

Toribio-Castell, S.; Castafio, S.; Villaverde-Ramiro, A.; Such, E.; Arnan, M.; Solé, F; Diaz-Beya, M.; Diez-Campelo, M.; del Rey,
M.; Gonzalez, T.; et al. Mutational Profile Enables the Identification of a High-Risk Subgroup in Myelodysplastic Syndromes with
Isolated Trisomy 8. Cancers 2023, 15, 3822. [CrossRef]

Adzhubei, L.A.; Schmidt, S.; Peshkin, L.; Ramensky, V.E.; Gerasimova, A.; Bork, P.; Kondrashov, A.S.; Sunyaev, S.R. A Method and
Server for Predicting Damaging Missense Mutations. Nat. Methods 2010, 7, 248-249. [CrossRef]

Sim, N.L.; Kumar, P; Hu, J.; Henikoff, S.; Schneider, G.; Ng, P.C. SIFT Web Server: Predicting Effects of Amino Acid Substitutions
on Proteins. Nucleic Acids Res. 2012, 40, W452-W457. [CrossRef] [PubMed]

Walter, M.].; Ding, L.; Shen, D.; Shao, J.; Grillot, M.; McLellan, M.; Fulton, R.; Schmidt, H.; Kalicki-Veizer, J.; O'Laughlin, M.; et al.
Recurrent DNMT3A Mutations in Patients with Myelodysplastic Syndromes. Leukemia 2011, 25, 1153-1158. [CrossRef] [PubMed]
Nakagawa, T.; Saitoh, S.; Lmoto, S.; Itoh, M.; Tsutsumi, M.; Hikiji, K.; Nakamura, H.; Matozaki, S.; Ogawa, R.; Nakao, Y.; et al.
Multiple Point Mutation of N-Ras and K-Ras Oncogenes in Myelodysplastic Syndrome and Acute Myelogenous Leukemia.
Oncology 1992, 49, 114-122. [CrossRef]

Fuchs, O.; Provaznikova, D.; Kocova, M.; Kostecka, A.; Cvekova, P.; Neuwirtova, R.; Kobylka, P.; Cermak, J.; Brezinova, J.;
Schwarz, J.; et al. CEBPA Polymorphisms and Mutations in Patients with Acute Myeloid Leukemia, Myelodysplastic Syndrome,
Multiple Myeloma and Non-Hodgkin’s Lymphoma. Blood Cells Mol. Dis. 2008, 40, 401-405. [CrossRef] [PubMed]

Yang, F.C.; Agosto-Pefia, ]. Epigenetic Regulation by ASXL1 in Myeloid Malignancies. Int. ]. Hematol. 2023, 117, 791-806.
[CrossRef]

Lasho, T.L.; Finke, C.M.; Hanson, C.A.; Jimma, T.; Knudson, R.A; Ketterling, R.P,; Pardanani, A.; Tefferi, A. SF3B1 Mutations
in Primary Myelofibrosis: Clinical, Histopathology and Genetic Correlates among 155 Patients. Leukemia 2011, 26, 1135-1137.
[CrossRef]

Baugh, E.H.; Ke, H.; Levine, A.J.; Bonneau, R.A.; Chan, C.S. Why Are There Hotspot Mutations in the TP53 Gene in Human
Cancers? Cell Death Differ. 2018, 25, 154-160. [CrossRef] [PubMed]

Lindsley, R.C.; Saber, W.; Mar, B.G.; Redd, R.; Wang, T.; Haagenson, M.D.; Grauman, P.V.; Hu, Z.-H.; Spellman, S.R.; Lee, S.J.;
et al. Prognostic Mutations in Myelodysplastic Syndrome after Stem-Cell Transplantation. N. Engl. . Med. 2017, 376, 536-547.
[CrossRef]

Bernard, E.; Nannya, Y.; Hasserjian, R.P; Devlin, S.M.; Tuechler, H.; Medina-Martinez, ].S.; Yoshizato, T.; Shiozawa, Y.; Saiki, R.;
Malcovati, L.; et al. Implications of TP53 Allelic State for Genome Stability, Clinical Presentation and Outcomes in Myelodysplastic
Syndromes. Nat. Med. 2020, 26, 1549-1556. [CrossRef]

Daver, N.G.; Maiti, A.; Kadia, T.M.; Vyas, P.; Majeti, R.; Wei, A.H.; Garcia-Manero, G.; Craddock, C.; Sallman, D.A.; Kantarjian,
H.M. TP53-Mutated Myelodysplastic Syndrome and Acute Myeloid Leukemia: Biology, Current Therapy, and Future Directions.
Cancer Discov. 2022, 12, 2516-2529. [CrossRef]

The Cancer Genome Atlas. Research Network Genomic and Epigenomic Landscapes of Adult De Novo Acute Myeloid Leukemia.
N. Engl. |. Med. 2013, 368, 2059-2074. [CrossRef]

Hou, H.A.; Chou, W.C; Kuo, Y.Y,; Liu, C.Y,; Lin, L.I,; Tseng, M.H.; Chiang, Y.C.; Liu, M.C,; Liu, CW,; Tang, J.L.; et al. TP53
Mutations in de Novo Acute Myeloid Leukemia Patients: Longitudinal Follow-Ups Show the Mutation Is Stable during Disease
Evolution. Blood Cancer J. 2015, 5, €331. [CrossRef]

Prochazka, K.T.; Pregartner, G.; Riicker, EG.; Heitzer, E.; Pabst, G.; Wolfler, A.; Zebisch, A.; Berghold, A.; Déhner, K.; Sill, H.
Clinical Implications of Subclonal TP53 Mutations in Acute Myeloid Leukemia. Haematologica 2019, 104, 516-523. [CrossRef]
Invernizzi, R.; Filocco, A. Myelodysplastic Syndrome: Classification and Prognostic Systems. Oncol. Rev. 2010, 4, 25-33. [CrossRef]
Mrézek, K.; Heinonen, K.; Theil, K.S.; Bloomfield, C.D. Spectral Karyotyping in Patients with Acute Myeloid Leukemia and a
Complex Karyotype Shows Hidden Aberrations, Including Recurrent Overrepresentation of 21 g, 11q, and 22q. Genes Chromosom.
Cancer 2002, 34, 137-153. [CrossRef]

Rosenbaum, M.W.; Pozdnyakova, O.; Geyer, ].T.; Cin, P.D.; Hasserjian, R.P. Ring Chromosome in Myeloid Neoplasms Is
Associated with Complex Karyotype and Disease Progression. Hum. Pathol. 2017, 68, 40-46. [CrossRef]

Riicker, EG.; Schlenk, R.F; Bullinger, L.; Kayser, S.; Teleanu, V.; Kett, H.; Habdank, M.; Kugler, C.M.; Holzmann, K.; Gaidzik, V.I;
et al. TP53 Alterations in Acute Myeloid Leukemia with Complex Karyotype Correlate with Specific Copy Number Alterations,
Monosomal Karyotype, and Dismal Outcome. Blood 2012, 119, 2114-2121. [CrossRef] [PubMed]

Riicker, EG.; Dolnik, A.; Blitte, T.].; Teleanu, V.; Ernst, A.; Thol, E; Heuser, M.; Ganser, A.; Dohner, H.; Dohner, K.; et al.
Chromothripsis Is Linked to TP53 Alteration, Cell Cycle Impairment, and Dismal Outcome in Acute Myeloid Leukemia with
Complex Karyotype. Haematologica 2018, 103, e17—e20. [CrossRef]

Bochtler, T.; Granzow, M.; Stolzel, F; Kunz, C.; Mohr, B.; Kartal-Kaess, M.; Hinderhofer, K.; Heilig, C.E.; Kramer, M.; Thiede, C.;
et al. Marker Chromosomes Can Arise from Chromothripsis and Predict Adverse Prognosis in Acute Myeloid Leukemia. Blood
2017, 129, 1333-1342. [CrossRef] [PubMed]


https://doi.org/10.1016/j.jmoldx.2021.01.011
https://doi.org/10.3390/cancers15153822
https://doi.org/10.1038/nmeth0410-248
https://doi.org/10.1093/nar/gks539
https://www.ncbi.nlm.nih.gov/pubmed/22689647
https://doi.org/10.1038/leu.2011.44
https://www.ncbi.nlm.nih.gov/pubmed/21415852
https://doi.org/10.1159/000227023
https://doi.org/10.1016/j.bcmd.2007.11.005
https://www.ncbi.nlm.nih.gov/pubmed/18182175
https://doi.org/10.1007/s12185-023-03586-y
https://doi.org/10.1038/leu.2011.320
https://doi.org/10.1038/cdd.2017.180
https://www.ncbi.nlm.nih.gov/pubmed/29099487
https://doi.org/10.1056/NEJMoa1611604
https://doi.org/10.1038/s41591-020-1008-z
https://doi.org/10.1158/2159-8290.CD-22-0332
https://doi.org/10.1056/NEJMoa1301689
https://doi.org/10.1038/bcj.2015.59
https://doi.org/10.3324/haematol.2018.205013
https://doi.org/10.1007/s12156-009-0033-4
https://doi.org/10.1002/gcc.10027
https://doi.org/10.1016/j.humpath.2017.08.009
https://doi.org/10.1182/blood-2011-08-375758
https://www.ncbi.nlm.nih.gov/pubmed/22186996
https://doi.org/10.3324/haematol.2017.180497
https://doi.org/10.1182/blood-2016-09-738161
https://www.ncbi.nlm.nih.gov/pubmed/28119329

Cancers 2023, 15, 5439 16 of 16

41.

42.

43.

44.

45.

46.

47.

48.

Kurtas, N.E.; Xumerle, L.; Leonardelli, L.; Delledonne, M.; Brusco, A.; Chrzanowska, K.; Schinzel, A.; Larizza, D.; Guerneri, S.;
Natacci, E; et al. Small Supernumerary Marker Chromosomes: A Legacy of Trisomy Rescue? Hum. Mutat. 2019, 40, 193-200.
[CrossRef]

Liehr, T. Chapter 4—Formation of CG-CNVs. In Benign & Pathological Chromosomal Imbalances; Academic Press: Cambridge, MA,
USA, 2014; Volume 1, pp. 29-36, ISBN 978-0-12-404631-3.

Breman, A.; Stankiewicz, P. Chapter 2—Karyotyping as the First Genomic Approach. In Genomics of Rare Diseases: Understanding
Disease Genetics Using Genomic Approaches; Academic Press: Cambridge, MA, USA, 2021; pp. 17-34, ISBN 9780128201404
Gisselsson, D.; Pettersson, L.; Hoglund, M.; Heidenblad, M.; Gorunova, L.; Wiegant, J.; Mertens, F; Dal Cin, P.; Mitelman, F,;
Mandahl, N. Chromosomal Breakage-Fusion-Bridge Events Cause Genetic Intratumor Heterogeneity. Proc. Natl. Acad. Sci. USA
2000, 97, 5357-5362. [CrossRef] [PubMed]

Xu, Y.P; Ly, L,; Liu, Y,; Smith, M.D.; Li, W.C.; Tan, X.M.; Cheng, M.; Li, Z.; Bovino, M.; Aubé, J.; et al. Tumor Suppressor TET2
Promotes Cancer Immunity and Immunotherapy Efficacy. J. Clin. Investig. 2019, 129, 4316-4331. [CrossRef] [PubMed]

Kafer, G.R,; Li, X.; Horii, T.; Suetake, I.; Tajima, S.; Hatada, I.; Carlton, PM. 5-Hydroxymethylcytosine Marks Sites of DNA
Damage and Promotes Genome Stability. Cell Rep. 2016, 14, 1283-1292. [CrossRef]

Kosztolanyi, G. Does “Ring Syndrome” Exist? An Analysis of 207 Case Reports on Patients with a Ring Autosome. Hum. Genet.
1987, 75, 174-179. [CrossRef] [PubMed]

Kosztolanyi, G.; Pap, M. Severe Growth Failure Associated with Atrophic Intestinal Mucosa and Ring Chromosome 15. Acta
Paediatr. 1986, 75, 326-331. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/humu.23683
https://doi.org/10.1073/pnas.090013497
https://www.ncbi.nlm.nih.gov/pubmed/10805796
https://doi.org/10.1172/JCI129317
https://www.ncbi.nlm.nih.gov/pubmed/31310587
https://doi.org/10.1016/j.celrep.2016.01.035
https://doi.org/10.1007/BF00591082
https://www.ncbi.nlm.nih.gov/pubmed/3817812
https://doi.org/10.1111/j.1651-2227.1986.tb10209.x

	Introduction 
	Materials and Methods 
	Patient Cohort 
	Cytogenetics Data 
	Next-Generation Sequencing 
	Data and Statistical Analysis 

	Results 
	Subtypes of RCs in Myeloid Malignancies with Various Chromosomal Abnormalities 
	Genetic Mutations among Patients with Myeloid Malignancies and RCs 
	TP53 Mutations and Chromosome 17 Abnormalities among Patients with Myeloid Malignancies and RCs 
	Subtypes of RCs in Lymphoid Malignancies with Various Chromosomal Abnormalities 

	Discussion 
	Conclusions 
	References

