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Consequences of chromosome gain:
A new view on trisomy syndromes
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Summary
Chromosome gains are detrimental for the development of the human embryo. As such, autosomal trisomies almost always result in

spontaneous abortion, and the rare embryos surviving until live birth suffer from a plethora of pathological defects. There is no treat-

ment currently available to ameliorate the consequences of trisomies, such as Down syndrome (trisomy of chromosome 21). Identifying

the source of the phenotypes observed in cells with extra chromosomes is crucial for understanding the underlying molecular causes of

trisomy syndromes. Although increased expression of the genes localized on the extra chromosome triggers several pathological pheno-

types, an alternative model suggests that global, aneuploidy-associated changes in cellular physiology also contribute to the pathology.

Here, we compare the molecular consequences of trisomy syndromes in vivo against engineered cell lines carrying various chromosome

gains in vitro. We point out several phenotypes that are shared by variable trisomies and, therefore, might be caused by the presence of an

extra chromosome per se, independent of its identity. This alternative view may provide useful insights for understanding Down syn-

drome pathology and open additional opportunities for diagnostics and treatments.
Pathology of chromosomal trisomies

A notable category of genetic disorders is caused by the

presence of an extra chromosome. The superfluous genetic

material disrupts normal development, causing multiple

and complex organ defects. In fact, whole organism aneu-

ploidies of human somatic chromosomes (autosomes)

cause defects in embryonic development, and only a small

fraction of embryos with gains of chromosomes 13, 18,

and 21 (Patau (MIM: 264480), Edwards (MIM: 601161),

and Down syndrome (DS) (MIM: 190685), respectively)

or even rarer mosaic trisomies of chromosomes 8, 16, 19,

and 22 result in live births. A different situation is observed

with gains of sex chromosomes, which generally result in

less severe phenotypes characterized by infertility and

reduced body growth.1,2 Of note, the loss of any single

autosomal chromosome is embryonically lethal, whereas

the loss of a sex chromosome is not, as in the case of mono-

somy for chromosome X, which is symptomatically diag-

nosed as Turner syndrome (MIM: 309585).3 In this review,

we will focus on autosomal trisomies; readers interested in

monosomies or sex chromosome aneuploidies should refer

to recent papers on these topics.4–6

Autosomal trisomies are associated with a wide range of

developmental abnormalities that often lead to early death

during infancy. Recent reports determined that the 5-year

survival rates were 9.7% for children with trisomy of chr.

13 (T13) and 12.3% for children with trisomy of chr. 18

(T18).7,8 This shortened life expectancy can be improved

through invasive interventions; in the case of congenital

heart disease, intervention can increase survival by 15

years in approximately 60% of individuals with T13 or
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T18.9 The trisomy that is compatible with the highest sur-

vival rates (nearly 95%) to adulthood is DS, or trisomy of

chr. 21 (T21), with an average life expectancy of 60 years.10

Nevertheless, there are over 70 different pathological phe-

notypes associated with T21, among them most promi-

nently intellectual disability, cardiac defects, early-onset

Alzheimer disease (AD), increased autoimmune disorders

and recurrent infections, as well as predisposition to acute

leukemias.11 On the other hand, these individuals show

a reduced incidence of solid tumors in adulthood.12

Although the etiology of these syndromes has been known

for several decades, the pathogenesis remains only

partially understood.13 On a cellular level, the DS-associ-

ated changes include impaired mitochondrial function,

altered metabolism and epigenetic patterns, endocytic de-

fects, altered cell fate specification during neurogenesis,

increased levels of oxidative stress, and transformed pro-

teostasis and autophagy networks.14

The prevalent hypothesis proposes that the phenotypes

of trisomy syndromes arise due to the increased expression

of genes located on the supernumerary chromosome

through a direct effect and/or indirectly (e.g. via regulation

of transcriptional factors). The phenotypes would thus be

caused by a subset of genes, so-called dosage-sensitive

genes (DSGs), whose abundance alters diverse cellular pro-

cesses. Indeed, previous studies mapped DS phenotypes to

a genomic region known as the ‘‘Down Syndrome Critical

Region’’ (DSCR), which covers 5.4 Mb on 21q, the large

arm of chr. 21 (see Box 1). The abnormalities might arise

due to an indirect effect of increased abundance of chr.

21 genes, which regulate cellular processes such as splicing

(U2AF1L5 [MIM: 601080], RBM1 [MIM: 400006], and
s,WomenHospital, Heidelberg University, ImNeuenheimer Feld 440, 69120

e, University of Arkansas for Medical Sciences, Little Rock, AR, USA; 3Depart-

h-Str. 24, 67663 Kaiserslautern, Germany

ember 1, 2022

mailto:Maria.Krivega@med.uni-heidelberg.de
https://doi.org/10.1016/j.ajhg.2022.10.014
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajhg.2022.10.014&domain=pdf


Box 1. Phenotypes associated with specific chromosome 21 genes

Chromosome 21 carries 233 protein-coding genes, 423 non-protein-coding genes, and 188 pseudogenes.13 The lead-

ing hypothesis of DS pathology suggests that the phenotypes can be linked to increased expression of specific genes

encoded on chromosome 21. For example, increased dosage of the amyloid-beta precursor protein APP promotes the

susceptibility to early-onset AD in individuals with DS. Triplication of regulator of calcineurin 1 (RCAN1 [MIM:

602917]) enhances its inhibitory activity toward the phosphatase calcineurin A and thus affects endocytosis.

Increased expression of the protein kinase DYRK1A causes abnormal phosphorylation status of a number of its direct

targets. The increased expression of APP, RCAN1, and DYRK1A in DS contributes to AD-like neuronal malformations

with abnormal synaptic plasticity and cell cycle, as well as learning andmemory deficits.124–126 RCAN1 triplication in

DS is also associated with the deregulation of NFAT signaling127,128 that underlies the increased risks of individuals

with DS for inflammation and cancer.129 The elevated abundance of HMGN1 is associated with an increased inci-

dence of B cell acute lymphoblastic leukemia.130 The MX1 gene encoding interferon-induced p78 protein (MxA)

was shown to promote chronic inflammatory disease alopecia areata in individuals with DS.131 Most of these conclu-

sions are supported, although not fully replicated, by findings in DSmousemodels. For example, an overexpression of

human RCAN1 in diploid control mice reproduced AD features with memory- and neuronal-specific defects associ-

ated with increased oxidative stress,132 whereas removal of one APP copy from DS mouse models partly reduced

the AD-like defects.133 Overexpressed DYRK1A in the neocortex of a diploid mouse embryo compromises the mech-

anisms of cell proliferation and neurogenesis, contributing to cognitive impairment similar to what is observed in

DS.134 Further research should focus on understanding to what degree the direct downstream effects of specific

chr. 21 gene overexpression affect the phenotypes, and conversely, whether global cellular responses to chromosome

gain contribute to DS pathophysiology.
U2AF1 [MIM: 191317]), DNA methylation (PRMT2 [MIM:

601961] and N6AMT1 [MIM: 614553]), and metabolism

(SOD1 [MIM: 147450]). Nonetheless, linking the subtly

increased expression of a given gene (on average, 50%) en-

coded on chromosome 21 to specific phenotypes of DS has

been challenging.13,15 Additionally, mice harboring extra

copies of the DSCR orthologous region do not display

DS-like phenotypes.16–18 This evidence thus argues against

the ‘‘critical region’’ hypothesis, suggesting rather that

multiple genetic abnormalities, and not a single DS region,

are responsible for the observed pathological phenotypes.

Here, we present another interpretation that can com-

plement this view, namely that cellular defects associated

with trisomy syndromes are caused by the disruption of

cellular homeostasis due to the presence of any extra chro-

mosome. Indeed, analysis of model cell lines engineered to

contain an additional chromosome copy revealed that

low-grade, constitutive upregulation of several hundred

genes triggers so-called aneuploidy-associated stresses

that precipitate genome-wide gene expression changes

and alter pathway networks. This, in turn, leads to pheno-

types such as proliferation delay, defects inmaintenance of

protein homeostasis (proteostasis), metabolic changes,

elevated DNA damage, and activation of innate immune

response.19,20 Thus, whereas some phenotypes of trisomy

syndromes may be attributed specifically to changes in

DSGs on chr. 21, other pathologies may be caused by cu-

mulative effects of chronic overexpression that lead to

genome-wide deregulation of gene expression, or by

some combination of both. Although this hypothesis has

been proposed and discussed previously,21,22 recent prog-

ress in research using cells with engineered aneuploid kar-

yotypes has brought additional support to these findings.
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It should be noted that the disrupted cellular homeostasis

hypothesis is not mutually exclusive with the gene-dosage

hypothesis, and we expect that it shall improve – rather

than replace – the current model.

A scarcity of human primary material and strong inter-

individual variations make the study of general DS pheno-

types rather difficult. Therefore, several mouse models

of DS, as well as model cell lines of various trisomies

(including T21), were established in recent years. No

mouse models for other trisomy syndromes have been es-

tablished so far, and thus only data from primary material

are available. Here, we compare results from various ana-

lyses of clinical samples and model systems that lend sup-

port to the idea that DS phenotypes arise mainly from

chromosome gain per se and not due to the gain of chromo-

some 21 specifically. This perspective might improve our

understanding of the pathology of T21 and allow develop-

ment of novel treatments that will improve the quality of

life of the affected individuals.
Global gene expression changes in response to

trisomy

One striking consequence of chromosome gain is the

global deregulation of the cellular proteome that

occurs on two levels. First, the genes carried on the extra

chromosome are expressed, which leads to comparatively

increased mRNA and protein abundance of these specific

factors. Several studies revealed a comparable upregulation

of most transcripts in cells from DS-affected individuals,

although the lack of proper isogenic controls and

high inter-individual variability render these analyses
nal of Human Genetics 109, 2126–2140, December 1, 2022 2127



challenging. On average, the abundance of transcripts

from genes located on the trisomic chromosomes increases

1.5-fold. Recent analysis of monozygotic twins with

diploid and trisomic karyotypes, respectively, confirmed

differential gene expression in cells trisomic for chr. 21

compared to the diploid twin.23,24 The protein levels also

increased according to gene copy number, although

slightly less: 1.3 to 1.4-fold compared to the 1.5-fold

observed in the transcriptome.25 Similar observations

were made in several studies of gene expression changes

in cells from individuals with T21 and other somatic aneu-

ploidies.18,22,26 Importantly, comparable expression

changes from the genes encoded on the extra chromosome

were shown by global transcriptome and proteome

profiling of human cells trisomic for other chromosomes:

an increase in expression from triplicated genes, on

average 1.5-fold for transcripts and 1.3-fold for pro-

teins.25,27 The normalization of protein levels is largely

due to the fact that proteins enriched for subunits of

macromolecular complexes remain close to a diploid level

due to post-transcriptional dosage compensation.25 Thus,

the presence of a single extra chromosome leads to a

modest increase in protein levels, suggesting that a poten-

tial phenotypic effect of over-expression of individual

genes due to trisomy will be relatively minor. Of note,

dosage compensation of chromosome gains and losses,

which normalizes protein abundance to near-euploid

levels, is a general phenomenon observed in aneuploid

cells across various species, as well as in cancers.28

In addition to the dosage-dependent upregulation of a

subset of expressed genes on chromosome 21, there is a

genome-wide differential gene expression of factors en-

coded on other chromosomes. Some of these deregulations

were proposed to occur due to an increased abundance of

specific transcription factors and other regulatory proteins

encoded on the trisomic chromosome, or due to chr.

21-dependent changes in global transcriptional pat-

terns.29–31 However, these changes might be induced in

response to chromosome gain per se. Analysis of various tis-

sue samples from individuals with DS and mouse models

revealed that T21 induces genome-wide transcriptional

disruption similar to changes observed in other whole-

chromosome aneuploidies.22,23,25,32–39 Indeed, human en-

gineered trisomic cells display a differential regulation of

specific pathways that are related to cell cycle regulation,

lipid metabolism, mitochondrial function, autophagy

and lysosomes, endosomes, and inflammatory response.

This is very similar to results obtained from gene set

enrichment analyses (GSEAs) of primary DS cells in which

the abundance of proteins involved in cell-cycle-related

functions, cell morphogenesis, lipoprotein metabolism,

and cellular respiration in mitochondria are substantially

altered.22,40 In addition, the expression of genes related

to RNA processing, ribosome biogenesis, and translation

is generally downregulated in models of chromosome

gains in yeast and in human cell lines.33,35 RNA processing

pathways, translation, and ribosome biogenesis are also
2128 The American Journal of Human Genetics 109, 2126–2140, Dec
downregulated in primary DS cells.41 These changes might

be linked to altered protein homeostasis in trisomic cells

and to the activation of the integrated stress response

(ISR), a circuit that restores proteostasis by regulating pro-

tein synthesis rates. The ISR is activated in DS cells and

various model trisomic cells.43 Direct comparison of tran-

scriptome and proteome profiles of primary cells from in-

dividuals with DS revealed a striking similarity with model

trisomic cell lines engineered to carry extra chromosome

copies (Figure 1, Data S1). Thus, at least some phenotypes

of DS and other trisomy syndromes might result from a

general cellular response to chromosome gain.
Cell cycle deregulation in response to trisomy

Trisomy syndromes generally lead to reduced proliferation

potential of somatic cells, which is directly reflected by

changes in cell cycle. Fibroblasts from fetuses with DS

show compromised proliferation rates and abnormal

expression of key cell cycle regulators.43 Consequently,

the growth of fetuses and children with DS is markedly

slower than that of euploid counterparts. Additionally, tis-

sue-specific proliferation and development defects, e.g.

brain hypotrophy,44 are observed, supported by the obser-

vation that neurospheres of the primary DS material man-

ifest a proliferation deficit.45,46 Histological assessment of

defective prenatal lung tissues of DS-affected individuals

also shows decreased proliferation in epithelial andmesen-

chymal cells.47

The division rates of cell lines derived from DS primary

cells, e.g. lymphoblastic cell lines, are also delayed, in

concordance with findings reported almost 50 years ago

for trisomy 21 cells.48,49 The genome-wide expression pro-

files of the transcriptome and proteome of neural human

induced pluripotent stem cells (iPSCs) with T21 show

downregulation of the pathways responsible for cell prolif-

eration.50 Although it is possible that the reduced prolifer-

ation in DS cells might be caused by reduced viability, cur-

rent evidence instead suggests that the cells are progressing

slowly through the cell cycle.51,52 Importantly, disomic

murine pluripotent stem cells that were obtained by curing

original trisomy of chromosome 21, showed improved

proliferation and increased lifespan capacity and outgrew

the trisomic cells from which they originated.53

Proliferation defects in somatic cells with trisomy are not

restricted to T21. Embryos and infants with other tri-

somies, as well as cell lines derived from trisomic tissues,

also develop significantly slower.22,54,55 Various mamma-

lian cell lines engineered to contain extra chromosome

also show delayed proliferation under optimal conditions,

regardless of the identity of the extra chromosome,25,56–58

although interestingly, they show increased resistance to

various stress conditions compared to isogenic wild-type

cells.59Whereas all cell cycle phases are affected, the prolif-

eration defect is most apparent in the G1 phase and in the

impaired transition from G1 to S phase. This fits well with
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Figure 1. Pathway changes in human cell lines with extra chromosomes
The plots compare differentially regulated pathways based on analysis of whole-genome expression data. Two-dimensional comparative
pathway analysis of transcriptomic and proteomic data from fibroblasts with trisomy of chr. 21 40,42 with data from genetically modified
human colon cancer cell lines (HCT116) that were engineered to carry additional chromosomes: HCT116 with tetrasomy of chr. 5 25,41

(A) and HCT116 with trisomy of chr. 3 25(B) is shown. Respective euploid cell lines were used for the data normalization. The RNA and
protein ratio calculations were previously published.25,33 Each dot represents one pathway as defined by GO category, GOCC and GOBP
Slim, significantly altered with FDR 5%. Color-coding marks GO categories of frequently deregulated pathways.
transcriptome and proteome analyses, which show dereg-

ulation of cell cycle factors, thereby resembling the situa-

tion observed in DS samples.22,25,33,35,50 Additionally, pro-

liferation of primary fibroblasts with trisomy of chr. 13, 18,

or 21 display an increased dependency on serine-driven

lipid synthesis, and this dependency probably reflects the

need for extra membrane to accommodate the enlarged

and misshapen nuclear envelope that is typical for cells

with extra chromosomes.22 Thus, impaired proliferation

is a general effect of chromosome gain in somatic cells

and not specific to trisomy 21.

The driving factors for the observed changes in cellular

proliferation remain unclear. One possible explanation –

based on the observations from trisomic model cell lines –

postulates that the proliferative delay arises due to

increased levels of DNA damage and impaired DNA replica-

tion. Increased replication stress and subsequent genomic
The American Jour
instability was observed in a wide range of trisomic cell

lines with variable extra chromosomes.25,60 Elevated

DNA damage most likely occurs due to altered expression

of DNA replication factors triggered by chromosome

gain. However, there is limited in vivo evidence addressing

DNA integrity in trisomy syndromes. Blood cells from chil-

dren with DS display increased sensitivity to DNA-

damaging agents, which suggests suppressed DNA repair

mechanisms.61 This correlates with the observation of

increased DNA damage levels in cultured lymphocytes

from DS-affected individuals.62 A recent study of mosaic

DS uncovered significantly higher frequencies of micronu-

clei formation in trisomic versus disomic somatic cells,

suggesting that trisomy drives increased chromosomal

instability.63 Moreover, human lymphocytes trisomic for

chr. 13, 18, or 21 show mildly elevated genomic instability

and increased aneuploidy rates when forced to divide.64,65
nal of Human Genetics 109, 2126–2140, December 1, 2022 2129



The reduced proliferation might be due to accumulation of

DNA damage and subsequent activation of the DNA dam-

age checkpoint or the p53 pathway, as has been observed

in model aneuploid cells.60,66 Decreased activity of DNA

replication pathways is also observed in transcriptomic

and proteomic analyses of iPSCs derived from individuals

with DS.50 However, individuals with DS do not show

increased frequency of chromosome gains and losses or re-

arranged chromosomes, suggesting that there is a strong

selection against proliferation of cells with additional chro-

mosomal changes.65,67

Other factors, such as defects in mitochondrial meta-

bolism and changes in the nuclear envelope, might play

an important role in the decreased proliferative capacity

of trisomic cells.22,68 Further research will be required to

determine the cause of cell cycle delays in trisomic cells, in-

dependent of the identity of the additional chromosome.
Activation of innate immune response as a

consequence of trisomy

Innate immune response is activated in trisomic

individuals and in cell culture models

A link between trisomy of chromosome 21 and increased

interferon signaling was observed for the first time by

Tan et al. in 1974.69 Recent analyses confirmed and elabo-

rated this finding. Transcriptome analysis of primary mate-

rial from DS-affected individuals revealed an IFN-induced

response and dependence on JAK1 and TYK2 kinases.41

In fact, the entire IFN type I pathway appears to be upregu-

lated, including the ligands (e.g. IFNA2, IFNB, and IFNG),

IFN receptors (IFNAR1, IFNAR2, IFNGR2, and IL10RB), as

well as the IFN-activated transcription factors (e.g. IRF3,

IRF5, IRF7, and STAT1), and IFN-stimulated genes (ISG15

[MIM: 147571] and MX1 [MIM: 147150]). Fibroblasts

trisomic for chr. 21 demonstrated an enhanced type I IFN

response upon viral infection as compared to disomic fi-

broblasts.70 Proteomics data from DS blood samples

further supported these observations and specifically indi-

cated increased levels of cytokines, e.g. IL-6, IL-22, TNFa,

and MCP-1, linked to IFN signaling.26 These molecular

changes can be additionally linked to chronic immune

system deregulation and auto-inflammation. Indeed, DS-

affected individuals often present symptoms of interfero-

nopathies.26,71,72 However, only six of the IFN-response

genes upregulated in DS are located on chromosome 21;

these include IFNAR1 (MIM: 107450), IFNAR2 (MIM:

602376), INGR2 (MIM: 147569), and IL10RB (MIM:

123889). Interestingly, overexpression of these factors

can mimic several DS-associated phenotypes, specifically

the hyperactivation of the kynurenine pathway and the

associated neurological and immunological conditions in

mice.73

Similarly, other trisomies are also characterized by

increased levels of inflammatory cytokines with damaging

consequences. Early embryonic death caused by trisomy
2130 The American Journal of Human Genetics 109, 2126–2140, Dec
16 has been linked to upregulation of genes (HLA-G

[MIM: 142871], HLA-C [MIM: 142840], TNFa [MIM:

191160], IL18 [MIM: 600953], NCF2 [MIM: 608515], and

CD16 [MIM: 146740]) required for a strong immune

response, superoxide metabolism, and inflammatory reac-

tion.24 Behçet disease, caused by trisomy of chr. 8 in bone

marrow cells, is associated with myelodysplastic syndrome

(MDS [MIM: 614286]) and a strong enrichment, in serum,

of IFN response factors, including IL2R, IFNG, IL1b, IL6,

IL8, and GMCSF,74 as well as upregulated Tand B cell recep-

tor and IL4 signaling pathways.75 Proinflammatory cyto-

kine synthesis in T cells is typical for MDS development

linked to trisomy of chr. 8.76 Trisomy 9p leads to elevated

levels of IFNA, IFNB, and IFNG and to symptoms similar

to the autoimmune disease systemic lupus erythematosus

and interferonopathies.77 Usually, these phenotypes are

explained as a consequence of an overexpression of a spe-

cific IFN type I gene cluster from an extra chromosome.78

However, upregulated IFN g-response also is observed in

trisomic human cells of variable genetic and biological

backgrounds.25,33,79–81 Comparative transcriptome anal-

ysis of the published DS data with various model trisomic

cell lines indeed shows similar activation of the type I IFN

signaling (Figure 2, Data S2). Thus, the general occurrence

of these changes in trisomic cells suggests that the inflam-

matory gene expression and IFN signaling might be a

shared cellular response to chromosome gain rather than

a chromosome-specific response.

What might be the reason for the general type I IFN up-

regulation in trisomic cells? Several factors might trigger

this response, but particular attention should be given to

the cGAS-STING pathway in the context of DNA damage,

senescence, and cancer-associated aneuploidy.82,83 cGAS

is a cytoplasmic nucleic acid receptor that stimulates an

STING-dependent signaling cascade activating interferon

stimulated gene expression via the IRF3 transcriptional fac-

tor.84 Strikingly, model trisomic cells, as well as cells from

human embryos with trisomic phenotypes, also activated

the cGAS-STING pathway, as illustrated by increased nu-

clear localization of IRF3 and subsequent overexpression

of its targets, including IFIT1 (MIM: 147690), IFIT3

(MIM: 604650), and OAS3 (MIM: 603351).81 Immunofluo-

rescence imaging in trisomic cells revealed increased accu-

mulation of cytoplasmic dsDNA of nuclear origin.80,81

Although the reason for dsDNA accumulation remains un-

clear, it is possible that the increased DNA damage in

trisomic cells contributes to this phenotype. One explana-

tion could be the compromised integrity of the nuclear en-

velope, generally increased in cells with chromosomal

instability, and accumulation of cGAS-positive micronu-

clei.55,85 Of note, increased micronuclei formation was

recently reported in leukocytes from individuals with

DS.63 Moreover, various DNA-damage-inducing treat-

ments can activate the cGAS-STING pathway via increased

accumulation of cytoplasmic dsDNA. This phenotype is in-

dependent of the cell type and of the identity of the extra

chromosome.81 Other recent studies support the notion
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Figure 2. Transcriptome analysis reveals upregulation of type I
IFN response upon chromosome gain
The GO category ‘‘Type I IFN mediated signaling pathway’’ was
used to compare published datasets of primary trisomic chr. 21
DS lymphocytes, fibroblasts,41 and white blood cells,89 with engi-
neered trisomic cell lines analyzed previously. Cell lines derived
from RPE1 are: trisomy of chr. 5 and 12, clone 3 (Rtr5, 12_3),
and trisomy chr. 21 clone 2 (Rtr21_2); cell lines derived from
HCT116 are trisomy of chr. 3, clone 11 (Htr3_11) and tetrasomy
chr. 5, clone 1 (Hte5_1), and clone 4 (Hte5_4) cell lines. All samples
were normalized to the matching diploid controls.
that IFN signaling is induced upon DNA damage in

trisomic cells. For example, another cytoplasmic DNA

sensor, DDX41, was connected to chr. Y and chr. 8 tri-

somies, which are associated with MDS and acute myeloid

leukemia.86 Taken together, the available data support a

model in which constitutive model trisomic human cell

lines promote the expression of IRF3 targets in vitro via

the cGAS-STING pathway, thereby inducing the type I

IFNs. Further analysis will be required to test whether

similar cGAS-STING involvement is required for the type

I IFN induction in DS-affected individuals.
The American Jour
The deregulated immune system illustrates genome-

wide changes in individuals with trisomy syndromes

Dysregulated immunity and increased autoimmunity are

well-documented for individuals with trisomic genetic

syndromes and have been characterized on the basis

of genetic, epigenetic, and protein changes.87,88 The

increased expression of various immune factors such as

interleukins, cytokines, and interferons in the blood of in-

dividuals with DS has also been associated with an altered

balance in post-thymic immune system. Changes in T-cell

differentiation were manifested by reduced numbers of

naive and increased abundance of mature – hyperacti-

vated T-cells.89–91 Transcriptomic and proteomic analyses

of the immune cells from blood of individuals with DS

confirmed the upregulation of T-cell differentiation

markers CD3, CD28, and CSF2 that correlated with

increased IFN-pathway specific TBX21 (MIM: 604895),

EOMES (MIM: 604615), and MKI67 (MIM: 176741) expres-

sion.89,90 Deregulation of the immune system was also

observed in B cells with trisomy 21, which were underrep-

resented in fetal bone marrow, as well as in adults’

blood.91–94 One possible explanation for the observed

phenomenon was proposed on the basis of the in vitro

model of T21 iPSCs, where a reduced potential for im-

mune cell lineage differentiation was attributed to the

downregulation of endothelin receptor B.95 Alternatively,

increased apoptosis rates in peripheral blood lymphocytes

could cause the immune deficiency in DS.96 This hypoth-

esis is further supported by accelerated thymic aging in

children with DS.97 Similar lymphocyte imbalance was

observed in individuals with chronic lymphocytic leuke-

mia (CLL) who have mosaic trisomy for chr. 3, 8, or 12

in peripheral blood or bone marrow cells.98–101 Impaired

T and NK cell development is also found in fetuses with

trisomy chr. 18. Importantly, gain of chromosome 18 is

associated with deregulation of lymphocyte balance, as

well as with lymphomas in adults.102,103 Thus, a deregula-

tion of the immune system is not specific to trisomy of

chromosome 21, but instead might be a general cellular

response triggered by chromosome gain. Together, these

findings point toward elevated IFN signaling and subse-

quent hyperactivation of autoimmune and inflammatory

responses as a general outcome of chromosome gain.
Changes in maintenance of protein homeostasis

As explained above, one of the striking cellular conse-

quences of harboring an extra chromosome is altered pro-

tein homeostasis. The translation of the superfluous pro-

teins from the additional chromosome leads to altered

stoichiometry of multimolecular protein complexes,

accumulation of protein aggregates, and increased de-

mand for protein folding and degradation. Here we will

focus on autophagy, a protein degradation process that

seems particularly affected by the presence of extra

chromosomes.
nal of Human Genetics 109, 2126–2140, December 1, 2022 2131



Autophagy impairment in individuals with trisomy

syndromes

Most research in cells from individuals with DS reports

impaired autophagy and accumulation of waste products,

which might contribute to deleterious phenotypes, such

as the early senescence or neurodegeneration observed in

DS.104 Genome-wide defects in chromosomal segregation

and the nuclear envelope are also associated with severe

senescence phenotypes in iPSC-derived neural progenitor

cells.105 Additionally, thymus epithelial cells, thymocytes,

and T-cells with T21 show increased reactive oxygen species,

DNA damage markers, cell-cycle arrest, and telomere length

regulation, contributing to the aging phenotype.97 Primary

fibroblasts derived from individuals with trisomies of chr.

13, 18, and 21 similarly show early signs of senescence,

which can be successfully rescued by reduction of accumu-

lated protein aggregates from the cytoplasm, a finding that

connects aneuploidy and senescence with defective proteo-

stasis.106 Protein aggregates are primarily removed by the

autophagy pathway, and impaired autophagy activation is

often observed in cells from individuals with DS. The subse-

quent accumulation of aggregates is usually associated with

enhanced gene expression of proteins encoded on chr. 21.

The triplication of amyloid precursor protein (APP [MIM:

104760]) from chr. 21 and a consequent increase of amyloid

load were proposed to cause the autophagy impairment

observed in vivo and in vitro.107,108 However, the data sug-

gest that three copies of APP are necessary, but not suffi-

cient, for AD in individuals with DS.18,108,109 Normalized

expression of another chr. 21 gene, encoding the kinase

DYRK1A (MIM: 600855), together with APP was sufficient

to rescue neuronal differentiation mainly dependent on

axonal transport in DS, as well as in AD.110 Similarly,

balancing an aberrant O-GlcNAcylation reversed the AD-

like neural phenotypes in DS mice, and this was associated

with positive effects on autophagy.111

On the other hand, genome-wide expression analysis in

DS also revealed downregulated autophagy. One of the

general molecular mechanisms behind suppressed auto-

phagy could be a hyperstimulation of the negative regu-

lator of autophagy mTORC1, revealed by the transcrip-

tome analysis in human primary fibroblasts and brain

neurons of individuals with DS.112,113 Active mTORC1 in-

hibits TFEB, a key transcription factor promoting expres-

sion of autophagy and lysosomal-specific genes. As a

consequence, DS primary fibroblasts show low autophago-

some formation and reduced synthesis of ATG7, ATG3,

and SQSTM1, the major factors regulating autophagosome

formation.112 Additionally, the SNARE protein family

members required for autophagosome-lysosome fusion

were diminished.40,114 The reduced fusion prevents auto-

phagosomes from recycling, leading to their accumula-

tion, which is documented by an increase of autophagy

markers LC3-II, SQSTM1, and NBR1 in DS cells upon auto-

phagy activation by starvation. Finally, an excess of APP

and its cleavage product directly triggered multiple lyso-

somal defects in DS cell lines.115,116
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However, evaluation of autophagy, an extremely dy-

namic and multifaceted process, is difficult, particularly

in primary material. In addition to mTORC1, a master

regulator of autophagy, other factors play important roles,

including the recently discovered function of cGAS-

STING-dependent TFEB-transcriptional activation.81,117

Elevated autophagy activity in trisomic model cell lines

Model cell lines with constitutive trisomies also suffer from

impaired protein homeostasis, which is manifested by accu-

mulation of cytoplasmic protein aggregates, increased sensi-

tivity to heat shock and to inhibitors of protein folding and

translation.19,118 Additionally, the cells often show deregu-

lated expression of proteins involved in autophagy. The dy-

namics of autophagy in aneuploid cells in vitro have been

studied in two different settings. First, induced chromo-

some segregation errors allow for the assessment of the im-

mediate response. In thismodel system, the lysosomal stress

response was observed, manifested by upregulated activity

of TFEB and reduced autophagosome-lysosome fusion.19

Although TFEB upregulates autophagy and lysosomal-spe-

cific gene expression, cargo to be degraded is stuck in the au-

tophagosome, leading to reduced autophagy flux. These ob-

servations agree with the findings in DS cells following

starvation-induced autophagy.

In contrast, in the second model, constitutive aneuploid

cell lines with variable trisomies appear to adapt to the

stress conditions triggered by chromosome gain. These

cells upregulate the expression of autophagy and lyso-

somal-specific genes, a signature that resembles lysosomal

stress.33 However, the autophagy flux is not impaired.81,118

Importantly, trisomic human mammary epithelial cell

lines with extra chr. 8 or 22 activate autophagy, probably

to cope with the increased oxidative stress and DNA dam-

age induced by aneuploidy.119 The autophagy inhibitor

chloroquine impairs proliferation of murine trisomic

cells.120 Together, the available research suggests an alter-

native interpretation of the autophagy changes in trisomic

cells. The basal levels of autophagy appear to be increased

even under standard conditions in trisomic cells. Addi-

tional activation, e.g. via starvation or mTORC1 inhibi-

tion, leads only to a small degree of further activation,

probably because the autophagy levels are near the

maximal cellular capacity, achieved by mTORC1-indepen-

dent pathways in trisomic cells. Of note, autophagy can be

activated via the cGAS-STING pathway, linking it to the

type I IFN response and DNA damage.81,121 Increased de-

mands for the maintenance of protein homeostasis in

aneuploid cells put further strain on the autophagy

pathway, leading to cumulative defects in this essential re-

cycling process (Figure 3).

TFEB-dependent gene expression is increased in triploid

model systems

The molecular mechanisms of autophagy regulation in

trisomic cells are poorly understood. An autophagy

regulator, TFEB, and its behavior in the context of
ember 1, 2022



Figure 3. Schematic depiction of autophagy activation in the context of trisomy
Upon activation via the ULK1 kinase, the phagophore membrane engulfs the cytoplasmic components to be degraded and fuses with
lysosomes to enable degradation. mTORC1 kinase, a key nutrient sensor, regulates autophagosome assembly via inhibitory phosphor-
ylations. Additionally, the transcription factors of theMIT/TFEB family, which are also mTORC1 targets, regulate the expression of auto-
phagy- and lysosomal-specific genes. Autophagy is activated upon starvation, oxidative stress, unfolded protein response, or DNA dam-
age via the cGAS/STING pathway.
aneuploidy-induced proteotoxic and genotoxic stress is

probably a key factor. Analysis of TFEB-target gene

expression from DS samples and cell line models with

constitutive trisomy shows that stimulation of TFEB ac-

tivity, and subsequent upregulation of autophagy and

lysosomal-specific gene expression, is the critical step

in all aneuploid somatic cells (Figure 4, Data S3). It

should be noted that this phenotype does not seem to

hold true for stem cells. This is in line with the observa-

tion that DS iPSCs do not show reduced proliferation af-

ter treatment with autophagy inhibitor chloroquine.122

This might reflect an ability of undifferentiated stem

cells to proliferate without active autophagy, which is

dispensable until the onset of differentiation during

embryonal development.123 Indeed, the analysis re-

vealed downregulation of TFEB-dependent expression,

suggesting that autophagy is dispensable for pluripotent

stem cells even when they are trisomic. Therefore,

pluripotent stem cells might not be suitable to address

the role of autophagy in cellular response to aneuploidy.

Taken together, autophagy and proteostasis are deregu-

lated in trisomic model cells, as well as in cells from in-

dividuals with DS. Although the details remain unclear,

this deregulation contributes to the observed pheno-

types, as well as to pathophysiological changes, and is

linked to TFEB-dependent transcription. Autophagy
The American Jour
evidently plays an important role in aneuploid cell sur-

vival and adaptation to stress associated with extra chro-

mosome presence. The discrepancy between observa-

tions of samples from individuals with DS and in vitro

aneuploid cell line data might reflect the ability of cells

in culture to increase autophagy to cope with the detri-

mental outcomes of aneuploidy. Understanding the

mechanisms that trisomic cells use to upregulate auto-

phagy in culture could provide insights into possible

routes to mitigate the deleterious consequences of aneu-

ploidy in vivo.

Conclusion

The phenotypes observed in individuals with DS and other

trisomy syndromes are complex and variable. The data

collected so far indicate that trisomy syndromes are not

just a collection of independent single-gene phenotypes.

Therefore, it has been proposed that these phenotypes

might arise from a synergy of overexpression of multiple

genes. Here we discuss evidence showing that a general

cellular response to aneuploidy, in addition to the deregu-

lation of specific genes on chromosome 21, contributes to

the observed DS phenotypes. This notion has been sup-

ported by recently accumulated data from engineered

aneuploid human cells that were created to model cancer

karyotypes. Strikingly, several of the physiological changes
nal of Human Genetics 109, 2126–2140, December 1, 2022 2133



Figure 4. Increased RNA expression of TFEB targets in cells car-
rying an extra chromosome
Transcriptomic data showing TFEB-response genes based on the
published gene set.19 Published datasets of primary cells with tri-
somy chr. 21 of DS, including pluripotent stem cells,23,34 lympho-
cytes, fibroblasts,41 and white blood cells,89 were compared with
our engineered trisomic RPE1 with trisomy of chr. 5 and 12, clone
3 (Rtr5, 12_3) and chr. 21, clone 2 (Rtr21_2), as well as HCT116
with trisomy of chr. 3. clone 11 (Htr3_11) and tetrasomy of chr.
5, clone 1 (Hte5_1), and clone 4 (Hte5_4) cell lines, normalized
to diploid isogenic controls. Trisomies of chromosomes are gener-
ally lethal, and rare survivors must cope with multiple pathol-
ogies. Down syndrome (trisomy chr. 21) pathological phenotypes
are connected to increased expression of Hsa 21 genes. We present
an alternative model describing global, aneuploidy-associated
changes, similar in trisomy syndromes and cell lines with different
chromosome gains.
observed in these cells overlap with the changes found in

cells from individuals with trisomy syndromes. Although

we focused only on some common cellular phenotypes,

such as the activation in the interferon type I response,

changes in autophagy, and altered proliferation, we also

observed other notable cellular changes, including abnor-

malities of the nuclear envelope and changes inmitochon-

drial metabolism. Taken together, the current evidence

suggests that the deregulation of cellular networks

observed in trisomy syndromes is largely independent of

the identity of the extra chromosome and might reflect

the cellular response to aneuploidy-induced stresses.

Future research should focus on addressing both of these

aspects – the gene-specific response and the general
2134 The American Journal of Human Genetics 109, 2126–2140, Dec
response to aneuploidy – to improve the quality of life of

individuals with trisomy syndromes.
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Stoehr, G., and Storchová, Z. (2014). Unique features of the

transcriptional response to model aneuploidy in human

cells. BMC Genom. 15, 139. https://doi.org/10.1186/1471-

2164-15-139.

34. Gonzales, P.K., Roberts, C.M., Fonte, V., Jacobsen, C., Stein,

G.H., and Link, C.D. (2018). Transcriptome analysis of genet-

ically matched human induced pluripotent stem cells
nal of Human Genetics 109, 2126–2140, December 1, 2022 2135

https://doi.org/10.1016/J.ATHORACSUR.2017.02.068
https://doi.org/10.1016/J.ATHORACSUR.2017.02.068
https://doi.org/10.1002/CA.22672
https://doi.org/10.1002/CA.22672
https://doi.org/10.3389/fmed.2014.00051
https://doi.org/10.1016/J.MRGENTOX.2019.03.005
https://doi.org/10.1016/J.MRGENTOX.2019.03.005
https://doi.org/10.1038/s41572-019-0143-7
https://doi.org/10.1038/s41572-019-0143-7
https://doi.org/10.3390/BIOM11020266
https://doi.org/10.3390/BIOM11020266
https://doi.org/10.1038/nrg1448
https://doi.org/10.1126/science.1098992
https://doi.org/10.1038/ejhg.2008.214
https://doi.org/10.1073/PNAS.0813248106
https://doi.org/10.1101/gad.269118.115
https://doi.org/10.1101/gad.269118.115
https://doi.org/10.1038/s41556-018-0243-8
https://doi.org/10.1038/s41556-018-0243-8
https://doi.org/10.1002/AJMG.1320140206
https://doi.org/10.1002/AJMG.1320140206
https://doi.org/10.1073/PNAS.2014723118/-/DCSUPPLEMENTAL
https://doi.org/10.1073/PNAS.2014723118/-/DCSUPPLEMENTAL
https://doi.org/10.1038/nature13200
https://doi.org/10.1071/RD17319
https://doi.org/10.1071/RD17319
https://doi.org/10.1038/msb.2012.40
https://doi.org/10.1038/msb.2012.40
https://doi.org/10.1038/s41598-017-13858-3
https://doi.org/10.7554/ELIFE.03023
https://doi.org/10.7554/ELIFE.03023
https://doi.org/10.1101/GR.276378.121
https://doi.org/10.1186/S12920-018-0361-Y/FIGURES/2
https://doi.org/10.1186/S12920-018-0361-Y/FIGURES/2
https://doi.org/10.1038/S41467-021-21064-Z
https://doi.org/10.1038/S41467-021-21064-Z
https://doi.org/10.1371/JOURNAL.PONE.0049130
https://doi.org/10.1371/JOURNAL.PONE.0049130
https://doi.org/10.1002/PD.4862
https://doi.org/10.1002/PD.4862
https://doi.org/10.1186/1471-2164-15-139
https://doi.org/10.1186/1471-2164-15-139


disomic or trisomic for chromosome 21. PLoS One 13,

e0194581. https://doi.org/10.1371/journal.pone.0194581.

35. Sheltzer, J.M., Torres, E.M., Dunham, M.J., and Amon, A.

(2012). Transcriptional consequences of aneuploidy. Proc.

Natl. Acad. Sci. USA. 109, 12644–12649. https://doi.org/10.

1073/PNAS.1209227109/SUPPL_FILE/SD01.XLSX.

36. Olmos-Serrano, J.L., Kang, H.J., Tyler, W.A., Silbereis, J.C.,

Cheng, F., Zhu, Y., Pletikos, M., Jankovic-Rapan, L., Cramer,

N.P., Galdzicki, Z., et al. (2016). Down syndrome develop-

mental brain transcriptome reveals defective oligodendro-

cyte differentiation and myelination. Neuron 89, 1208–

1222. https://doi.org/10.1016/J.NEURON.2016.01.042.

37. Tyler, W.A., and Haydar, T.F. (2013). Multiplex genetic fate

mapping reveals a novel route of neocortical neurogenesis,

which is altered in the Ts65Dn mouse model of Down syn-

drome. J. Neurosci. 33, 5106–5119. https://doi.org/10.

1523/JNEUROSCI.5380-12.2013.

38. Walus, M., Kida, E., Rabe, A., Albertini, G., and Golabek, A.A.

(2016). Widespread cerebellar transcriptome changes in

Ts65Dn Down syndrome mouse model after lifelong

running. Behav. Brain Res. 296, 35–46. https://doi.org/10.

1016/J.BBR.2015.08.015.

39. FitzPatrick, D.R., Ramsay, J., McGill, N.I., Shade, M., Car-

others, A.D., and Hastie, N.D. (2002). Transcriptome analysis

of human autosomal trisomy. Hum. Mol. Genet. 11, 3249–

3256. https://doi.org/10.1093/HMG/11.26.3249.

40. Liu, Y., Borel, C., Li, L., Müller, T., Williams, E.G., Germain,

P.L., Buljan, M., Sajic, T., Boersema, P.J., Shao, W., et al.

(2017). Systematic proteome and proteostasis profiling in

human Trisomy 21 fibroblast cells. Nat. Commun. 8, 1212.

https://doi.org/10.1038/s41467-017-01422-6.

41. Sullivan, K.D., Lewis, H.C., Hill, A.A., Pandey, A., Jackson,

L.P., Cabral, J.M., Smith, K.P., Liggett, L.A., Gomez, E.B., Gal-

braith, M.D., et al. (2016). Trisomy 21 consistently activates

the interferon response 29, e16220. https://doi.org/10.7554/

eLife.16220.001.

42. Zhu, P.J., Khatiwada, S., Cui, Y., Reineke, L.C., Dooling, S.W.,

Kim, J.J., Li, W., Walter, P., and Costa-Mattioli, M. (2019).

Activation of the ISR mediates the behavioral and neuro-

physiological abnormalities in down syndrome. Science

366, 843–849. https://doi.org/10.1126/SCIENCE.AAW5185/

SUPPL_FILE/AAW5185_ZHU_SM.PDF.
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cell proliferation and higher oxidative stress in fibroblasts

from down syndrome fetuses. Preliminary study. Biochim.

Biophys. Acta 1842, 116–125. https://doi.org/10.1016/j.bba-

dis.2013.10.014.

44. Larsen, K.B., Laursen, H., Græm, N., Samuelsen, G.B., Bogda-

novic, N., and Pakkenberg, B. (2008). Reduced cell number in

the neocortical part of the human fetal brain in Down syn-

drome. Ann. Anat. 190, 421–427. https://doi.org/10.1016/j.

aanat.2008.05.007.

45. Nakano-Kobayashi, A., Awaya, T., Kii, I., Sumida, Y., Okuno,

Y., Yoshida, S., Sumida, T., Inoue, H., Hosoya, T., and Hagi-

wara, M. (2017). Prenatal neurogenesis induction therapy

normalizes brain structure and function in Down syndrome

mice. Proc. Natl. Acad. Sci. USA 114, 10268–10273. https://

doi.org/10.1073/pnas.1704143114.

46. Esposito, G., Imitola, J., Lu, J., De Filippis, D., Scuderi, C., Ga-

nesh, V.S., Folkerth, R., Hecht, J., Shin, S., Iuvone, T., et al.

(2008). Genomic and functional profiling of human Down
2136 The American Journal of Human Genetics 109, 2126–2140, Dec
syndrome neural progenitors implicates S100B and aqua-

porin 4 in cell injury. Hum. Mol. Genet. 17, 440–457.

https://doi.org/10.1093/hmg/ddm322.

47. Danopoulos, S., Bhattacharya, S., Deutsch, G., Nih, L.R.,

Slaunwhite, C., Mariani, T.J., and Al Alam, D. (2021). Prena-

tal histological, cellular, and molecular anomalies in trisomy

21 lung. J. Pathol. 255, 41–51. https://doi.org/10.1002/

PATH.5735.

48. Segal, D.J., and McCoy, E.E. (1974). Studies on Down’s syn-

drome in tissue culture. I. Growth rates protein contents of

fibroblast cultures. J. Cell. Physiol. 83, 85–90. https://doi.

org/10.1002/JCP.1040830112.

49. Coskun, P., Helguera, P., Nemati, Z., Bohannan, R.C.,

Thomas, J., Samuel, S.E., Argueta, J., Doran, E., Wallace,

D.C., Lott, I.T., and Busciglio, J. (2017). Metabolic and

growth rate alterations in lymphoblastic cell lines discrimi-

nate between down syndrome and alzheimer’s disease.

J. Alzheimers Dis. 55, 737–748. https://doi.org/10.3233/

JAD-160278.

50. Sobol, M., Klar, J., Laan, L., Shahsavani, M., Schuster, J., An-

nerén, G., Konzer, A., Mi, J., Bergquist, J., Nordlund, J., et al.

(2019). Transcriptome and proteome profiling of neural

induced pluripotent stem cells from individuals with down

syndrome disclose dynamic dysregulations of key pathways

and cellular functions. Mol. Neurobiol. 56, 7113–7127.

https://doi.org/10.1007/s12035-019-1585-3.

51. Roper, R.J., and Reeves, R.H. (2006). Understanding the basis

for down syndrome phenotypes. PLoS Genet. 2, e50. https://

doi.org/10.1371/JOURNAL.PGEN.0020050.

52. Guidi, S., Ciani, E., Bonasoni, P., Santini, D., and Bartesaghi,

R. (2011). Widespread proliferation impairment and hypo-

cellularity in the cerebellum of fetuses with down syndrome.

Brain Pathol. 21, 361–373. https://doi.org/10.1111/J.1750-

3639.2010.00459.X.

53. Tanuma-Takahashi, A., Inoue,M., Kajiwara, K., Takagi, R., Ya-

maguchi, A., Samura, O., Akutsu, H., Sago, H., Kiyono, T.,

Okamoto, A., and Umezawa, A. (2021). Restoration of kerati-

nocytic phenotypes in autonomous trisomy-rescued cells.

Stem Cell Res. Ther. 12, 476–511. https://doi.org/10.1186/

S13287-021-02448-W/FIGURES/5.

54. Brewer, C.M., Holloway, S.H., Stone, D.H., Carothers, A.D.,

and FitzPatrick, D.R. (2002). Survival in trisomy 13 and tri-

somy 18 cases ascertained from population based registers.

J. Med. Genet. 39, e54. https://doi.org/10.1136/jmg.39.

9.e54.

55. Hwang, S.,Williams, J.F., Kneissig,M., Lioudyno,M., Rivera, I.,

Helguera, P., Busciglio, J., Storchova, Z., King,M.C., andTorres,

E.M. (2019). Suppressing aneuploidy-associated phenotypes

improves the fitness of trisomy 21 cells. Cell Rep. 29, 2473–

2488.e5. https://doi.org/10.1016/J.CELREP.2019.10.059.

56. Kneissig, M., Keuper, K., De Pagter, M.S., Van Roosmalen,

M.J., Martin, J., Otto, H., Passerini, V., Campos Sparr, A., Re-

nkens, I., Kropveld, F., et al. (2019). Micronuclei-basedmodel

system reveals functional consequences of chromothripsis in

human cells. Elife 8, e50292. https://doi.org/10.7554/eLife.

50292.

57. Torres, E.M., Williams, B.R., and Amon, A. (2008). Aneu-

ploidy: Cells losing their balance. Genetics 179, 737–746.

https://doi.org/10.1534/genetics.108.090878.

58. Williams, B.R., Prabhu, V.R., Hunter, K.E., Glazier, C.M.,Whit-

taker, C.A., Housman, D.E., and Amon, A. (2008). Aneuploidy

affects proliferation and spontaneous immortalization in
ember 1, 2022

https://doi.org/10.1371/journal.pone.0194581
https://doi.org/10.1073/PNAS.1209227109/SUPPL_FILE/SD01.XLSX
https://doi.org/10.1073/PNAS.1209227109/SUPPL_FILE/SD01.XLSX
https://doi.org/10.1016/J.NEURON.2016.01.042
https://doi.org/10.1523/JNEUROSCI.5380-12.2013
https://doi.org/10.1523/JNEUROSCI.5380-12.2013
https://doi.org/10.1016/J.BBR.2015.08.015
https://doi.org/10.1016/J.BBR.2015.08.015
https://doi.org/10.1093/HMG/11.26.3249
https://doi.org/10.1038/s41467-017-01422-6
https://doi.org/10.7554/eLife.16220.001
https://doi.org/10.7554/eLife.16220.001
https://doi.org/10.1126/SCIENCE.AAW5185/SUPPL_FILE/AAW5185_ZHU_SM.PDF
https://doi.org/10.1126/SCIENCE.AAW5185/SUPPL_FILE/AAW5185_ZHU_SM.PDF
https://doi.org/10.1016/j.bbadis.2013.10.014
https://doi.org/10.1016/j.bbadis.2013.10.014
https://doi.org/10.1016/j.aanat.2008.05.007
https://doi.org/10.1016/j.aanat.2008.05.007
https://doi.org/10.1073/pnas.1704143114
https://doi.org/10.1073/pnas.1704143114
https://doi.org/10.1093/hmg/ddm322
https://doi.org/10.1002/PATH.5735
https://doi.org/10.1002/PATH.5735
https://doi.org/10.1002/JCP.1040830112
https://doi.org/10.1002/JCP.1040830112
https://doi.org/10.3233/JAD-160278
https://doi.org/10.3233/JAD-160278
https://doi.org/10.1007/s12035-019-1585-3
https://doi.org/10.1371/JOURNAL.PGEN.0020050
https://doi.org/10.1371/JOURNAL.PGEN.0020050
https://doi.org/10.1111/J.1750-3639.2010.00459.X
https://doi.org/10.1111/J.1750-3639.2010.00459.X
https://doi.org/10.1186/S13287-021-02448-W/FIGURES/5
https://doi.org/10.1186/S13287-021-02448-W/FIGURES/5
https://doi.org/10.1136/jmg.39.9.e54
https://doi.org/10.1136/jmg.39.9.e54
https://doi.org/10.1016/J.CELREP.2019.10.059
https://doi.org/10.7554/eLife.50292
https://doi.org/10.7554/eLife.50292
https://doi.org/10.1534/genetics.108.090878


mammalian cells. Science 322, 703–709. https://doi.org/10.

1126/SCIENCE.1160058.

59. Rutledge, S.D., Douglas, T.A., Nicholson, J.M., Vila-
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