
Vol.:(0123456789)1 3

Chromosoma (2024) 133:77–92 

https://doi.org/10.1007/s00412-023-00800-y

RESEARCH

Genetic heterogeneity in p53‑null leukemia increases transiently 
with spindle assembly checkpoint inhibition and is not rescued by p53

Mai Wang1  · Steven Phan1 · Brandon H. Hayes1 · Dennis E. Discher1 

Received: 3 February 2023 / Revised: 8 May 2023 / Accepted: 16 May 2023 / Published online: 31 May 2023 

© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

Chromosome gains or losses often lead to copy number variations (CNV) and loss of heterozygosity (LOH). Both quantities 

are low in hematologic “liquid” cancers versus solid tumors in data of The Cancer Genome Atlas (TCGA) that also shows 

the fraction of a genome affected by LOH is ~ one-half of that with CNV. Suspension cultures of p53-null THP-1 leukemia-

derived cells conform to these trends, despite novel evidence here of genetic heterogeneity and transiently elevated CNV 

after perturbation. Single-cell DNAseq indeed reveals at least 8 distinct THP-1 aneuploid clones with further intra-clonal 

variation, suggesting ongoing genetic evolution. Importantly, acute inhibition of the mitotic spindle assembly checkpoint 

(SAC) produces CNV levels that are typical of high-CNV solid tumors, with subsequent cell death and down-selection to 

novel CNV. Pan-cancer analyses show p53 inactivation associates with aneuploidy, but leukemias exhibit a weaker trend 

even though p53 inactivation correlates with poor survival. Overexpression of p53 in THP-1 does not rescue established 

aneuploidy or LOH but slightly increases cell death under oxidative or confinement stress, and triggers p21, a key p53 target, 

but without affecting net growth. Our results suggest that factors other than p53 exert stronger pressures against aneuploidy 

in liquid cancers, and identifying such CNV suppressors could be useful across liquid and solid tumor types.
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Introduction

Aneuploidy can have important roles in human cancer initiation 

and progression. For example, Down syndrome (trisomy-21) 

shows leukemia rates that are 150-fold higher than normal 

(Wagenblast et al. 2021). A pan-cancer analysis further shows a 

particularly high correlation between loss of a chromosome and 

scored loss of a tumor suppressor gene for that chromosome—

with frequent loss of chromosome-17 likely explained by its 

harboring of TP53 (Davoli et al. 2013). For some cancers, aneu-

ploidy is prognostic of poor survival (Ponnapalli et al. 2020; van 

Dijk et al. 2021) and favors drug resistance (Lukow et al. 2021). 

Aneuploidy has long been noted in ~ 90% of solid tumors but 

only ~ 50% or fewer hematologic or “liquid” cancers (Beroukhim 

et al. 2010; Xian et al. 2021), and a deeper understanding of any 

limits to liquid cancer aneuploidy might be generally useful in 

broadly suppressing aneuploidy in many types of cancer.

We focus on liquid suspension cultures of THP-1, an 

acute monocytic leukemia cell line that is deficient in 

TP53, and our findings are put in a broader pan-cancer 

context. To assess heterogeneity of CNVs and aneuploidy 

that ranges from whole chromosome to focal or segmental, 

we applied single-cell sequencing methods to THP-1’s as 

well as bulk analyses after single cell expansion (Table 1). 

We exploited an MPS1 kinase inhibitor that increases 

mitotic mis-segregation (Stucke et al. 2002) in order to 

assess genetic heterogeneity shortly after drug treatment 

and much later. Transient diversification proves similar to 

or greater than a majority of solid tumors, and subsequent 

down-selection creates new genetics that again argues 

against a unique aneuploid state for this suspension can-

cer line. By further assessing the genetic changes before 

and after introducing TP53 back to the cell line, we con-

clude that this key genome stability factor (Toufektchan 

& Toledo 2018) is more important upstream than down-

stream in suppressing aneuploidy. The observation aligns 

with recent findings (Baslan et al. 2022), but we find that 

p53 can affect survival under some chemical and physical 

stressors relevant to the microenvironment.
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Results

CNV and LOH are proportional but low for liquid 
cancers, including THP-1 line lacking TP53

Measurements of CNV versus LOH are respectively 

based on amounts of sequence versus specific sequence 

of alleles, and different methods have different sensitivities 

for the two types of measurements. LOH can be complex 

such as a loss followed by duplication of the allele, which 

yields copy-neutral LOH. Recent pan-cancer analyses of 

The Cancer Genome Atlas (TCGA) nonetheless suggest 

a correlation between the median proportion of LOH and 

median number of CNV segments, even though most can-

cers (21 of 33) lie outside of the 95% confidence interval 

(including the two liquid cancers in TCGA) (Steele et al. 

2022). We take a slightly different approach and find a 

far more significant proportionality (Fig. 1a: p < 2.2e-16; 

R2 = 0.94) between the average fraction of chromosomes 

with LOH versus the average fraction of chromosomes 

with CNV based on recently curated TCGA results (Kni-

jnenburg et al. 2018). A fitted slope of 0.41 is close to a 

theoretical ½ for a simple model wherein half of any CNV 

is a loss that yields an LOH. Moreover, a shallower slope 

suggests a greater frequency and tolerance for aneuploidy 

relative to LOH. Fitting well to these trends is the averaged 

patient data for the liquid cancer with the least genome 

variation, LAML (acute myeloid leukemia), and also our 

own bulk genetics results for an LAML-derived, suspen-

sion culture line THP-1 that is of primary interest here.

To further relate key pan-cancer trends to such metrics 

of genetic change, we compared the quartile of patients 

with the most CNV to those with the least. Poor survival 

for high CNV is clear and significant in only 7 of 33 can-

cer types (p < 0.05), and nearly all are low in CNV and 

LOH, including LAML (Fig. 1a-bottom, Fig. S1). High 

aneuploidy cancer types (e.g., SKCM, skin cancer mela-

noma) might be so variable and heterogeneous that there 

is little difference between patients with average high and 

low aneuploidy. The survival trend is distinct from cell 

cycle and is highest for high CNV patients in about half of 

all cancer types across the aneuploidy scale. This is based 

on a multi-gene cell cycle score (CCS) as well as standard 

cell cycle markers MKI67 and TOP2A (Fig. 1a-bottom). 

Interestingly, for low aneuploidy cancers such as LAML, 

high CNV and high LOH do not associate with cell cycle 

but both do associate with TP53 inactivation (Fig. 1a-bot-

tom, SI. 1a). This analysis was done with a machine-learn-

ing-based TP53 classifier (Knijnenburg et al. 2018) and 

RNA-seq expression of TP53-interacting genes, yielding 

an inactivation score of 0 to 1. The pan-cancer analysis 

of high CNV patients shows a peak for cancer types with 

mid-level aneuploidy (Fig. 1a-bottom). Overall, these 

various analyses of TCGA have multiple implications, 

but LAML is particularly interesting as one of only three 

cancer types for which high CNV patients show both poor 

survival and high inactivation of p53.

Aneuploidy analyses of the Cancer Cell Line Encyclo-

pedia (CCLE) likewise indicate that leukemia lines possess 

relatively low CNV levels (Fig. 1b). Lymphoma lines tend to 

have higher CNV, consistent with TCGA analyses of DLBC 

(diffuse large B-cell lymphoma) relative to LAML as the 

only two liquid cancers, and solid tumor-derived lines tend 

to have even higher CNV levels, consistent again with TCGA 

(Fig. 1a). Interestingly, recent studies suggest DLBC pro-

gresses as a more solid-like tumor mass (Shah et al. 2023), 

which might explain the trend DLBC > LAML. THP-1 cul-

tures nonetheless fit within the trends and are reported from 

bulk methods to be modestly aneuploid and have moderate 

LOH, including one copy of TP53 that is truncated. Such 

results are confirmed by our THP-1 analyses with bulk sin-

gle nucleotide polymorphism array (SNPa) and with single-

cell RNA-seq that showed very few TP53 transcripts relative 

to normal monocytes (Fig. 1c). Our results also agree with 

bulk measurements obtained over several decades (Sugimoto 

et al. 1992). The THP-1 cell line thus seemed a reasonable 

candidate LAML cell line to better characterize genome het-

erogeneity, perturbations, and growth/death, as well as some 

effects of rescue by p53 overexpression.

Heterogeneity of THP-1 genetics increases 
with MPS1i, while doubling time scales with LOH

Genetic heterogeneity of THP-1 liquid cultures has not been 

described previously. TP53 inactivation suggested that some 

heterogeneity are likely. We used single-cell DNA-seq to 

identify CNV and high-dimensional uniform manifold 

approximation and projection (UMAP) to illustrate relation-

ships between 8 distinct subclones (Fig. 1d). CNV profile of 

primary clone C1 requires only one arm-level copy number 

alteration to transform into one of the other subclones as 

denoted by the labeled UMAP plot. For comparison, 6 sub-

clones were identified for the B16F10 murine melanoma 

Table 1  Summary of aneuploidy type that is reported based on differ-

ent technologies or data sources

Technology/data source Aneuploidy reported

TCGA/CCLE Focal/segmental changes

Single-cell DNAseq Arm-level changes

Single-cell RNAseq Whole chromosome changes

Single nucleotide polymorphisms 

assay

Focal/segmental changes
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cell line (SI. 3a), which is known to maintain functional p53 

but also to be highly aneuploid (Zhou et al. 2020) consistent 

with human melanoma (SKCM in Fig. 1a). The nominal 

consensus sequence (73% of cells) shows arm-level CNV 

largely limited to chromosome 12p (Fig. 1d). Nonetheless, 

some of the major clones including C1 also have abnor-

mal cells with clear losses or gains of whole chromosomes 

(Fig. 1d table). This further emphasizes THP-1 heterogene-

ity and suggests ongoing genome instability in this suspen-

sion-grown line.

To test the possible effects of genetic perturbation and 

diversification of THP-1’s and also assess the overall evolu-

tion toward old or new CNV states, we used an MPS1 kinase 

inhibitor reversine that is known to increase CNV in solid 

tumor-derived lines. Its effects on suspension cultures are 

under-studied (Bolton et al. 2016; Santaguida et al. 2017), 

especially any transient or sustained genetic evolution, and 

so we performed single-cell expansion of THP-1 suspension 

cultures over 2 months (Fig. 2a). MPS1 is an essential regula-

tor of the SAC that maintains genomic stability by delaying 

division until all chromosomes properly orient (Liu & Winey 

2012). SNPa measurements of CNV and LOH for bulk and 

for each clone show agreement of bulk with single-cell DNA-

seq consensus (Fig. 2b), and also show that all five of the 

untreated clones analyzed share a CNV signature with one of 

the 8 main subclones found in the single-cell DNA-seq analy-

sis, which confirms the THP-1’s heterogeneity (Fig. 2b). Fur-

thermore, THP-1’s treated with reversine followed by clonal 

expansion yield 2-of-5 clones (40%) with unique CNV that 

are absent from the untreated population (Fig. 2b table).

For each single-cell clone, the fraction of the genome 

with CNV or LOH was compared to the LAML patients in 

the TCGA database, and we also included an indication of 

TP53 expression levels as high, medium, or low (Fig. 2c). 

Interestingly, the linear fit of LAML patients is nearly the 

same as that of the earlier pan-cancer fit (Fig. 1a). For THP-

1’s regardless of reversine treatment or not, the cells show 

a higher aneuploidy and LOH level compared to nearly 

all LAML patient samples except for those with the low-

est TP53 expression levels. Such a result is consistent with 

TP53 inactivation in THP-1 cells (Fig. 1c), and suggests that 

such liquid cancers are limited to aneuploidy and LOH states 

that are typical of only about one-third of solid tumors (i.e., 

those that are less aneuploid in Fig. 1a vs Fig. 2c).

Doubling times of various clones that were reversine-

treated or not show a strong correlation with LOH levels 

(Fig. 2d) (but not CNV fraction, SI. 4e), and reversine-

treated clones also showed 2–threefold larger variations in 

both doubling times and LOH. LAML patients with high 

LOH in TCGA (< 25 patients) showed no significant bias 

toward high or low cell cycle relative to the other LAML 

patients (Fig. S1), but the cohort might be too small given 

the noted variation. In bulk cultures with two different 

reversine protocols, overall proliferation is impeded in the 

first few days and cell death increases ~ 2–threefold or more 

beyond ~ 4 days (Fig. 3a, b). More cells also accumulate 

in late cell cycle with reversine, suggesting a G2/M arrest, 

and some show high DNA content suggesting polyploidy 

(Fig. 3c). Such results suggest a diversification of the genet-

ics by MPS1 inhibition, leading to a selection via lack of 

viability for some genotypes and slower growth for others.

To assess such variation and gain insight into THP-1 

phenotype, we used single-cell RNA-seq after reversine 

treatment and either a 2-day or a 2-week recovery period. 

We inferred copy number from single-cell RNA-seq data 

and used healthy monocytes as a reference (see inferCNV 

in methods, SI. 5). For the untreated and DMSO controls, 

the inferred CNV and heterogeneity measures of 21–25% 

outliers with whole Chr gains or losses (Fig. 3d) align well 

with the CNV profiles from DNA-seq and the 27% outli-

ers (Fig. 1d). A deviation measure for the outlier cells is 

also highly relative to the CNV of the consensus popula-

tion. Two days after the reversine treatment (a couple of 

normal cell cycles), the outlier cells remain similar in rela-

tive amount (19 vs 21%), but the ~ twofold higher deviation 

of the outliers is much greater than control outliers and with 

more frequent diversification or “entropy” in copy number 

gains and losses (Fig. 3e). The results indicate an abrupt 

and drastic change of genotype within the affected THP-1 

cells. Importantly, the results suggest the fraction of chro-

mosomes with aneuploidy increases from ~ 0.3 for control 

THP-1 up to nearly ~ 0.6 for the outlier cells, which is typical 

of high-CNV solid tumors such as lung cancer and mela-

noma (LUAD, SKCM in Fig. 1a, SI. 6a).

The RNA-seq data was further used to assess the cell 

cycle score (CCS) for the treated and untreated outliers rela-

tive to the consensus cells, and the results indicate no pertur-

bation or correlation to cell cycle in the high deviation cells 

(Fig. 3e). LAML patients also showed no overall correlation 

between high aneuploidy and cell cycle, unlike some other 

cancers (Fig. 1a).

After a 2-week recovery from reversine, inference of 

CNV from single-cell RNA-seq shows that the outlier pop-

ulation is ~ twofold higher (42 vs 21%, Fig. 3d). However, 

the deviation and entropy both recover to low control lev-

els. Unique chromosome gains and losses are nonetheless 

observed in multiple cells, such as Chr 3 loss (not found in 

either DNA-seq or RNA-seq of the controls). This further 

supports the induction and tolerance in the suspension cul-

ture viability of new THP-1 genotypes.

The findings argue against a unique aneuploid state for 

this suspension cancer line and seem consistent with the 

heterogeneity of unperturbed cells (Fig. 1d). Artificially 

induced genetic alterations can be expected to render sur-

vival and growth differences. Indeed, at least one of the 

unique clones studied 2 months after reversine treatment 
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showed the slowest growth (and highest LOH) versus the 

many other clones studied (in Fig. 2c, d). All of these find-

ings lead us to conclude that the SAC plays an essential role 

in the genetic integrity of a suspension culture that is p53-

null, which prompted us to begin studying p53.

CNV trends with TP53 inactivation in LAML, but p53 
overexpression does not rescue CNV

Inactivation of “guardian of the genome” p53 is perhaps 

the most common feature across human cancers (Lane et al. 

2010). This has motivated development of p53-based thera-

pies, some of which have been approved in a few countries 

(Wallis et al. 2023), but many issues remain such as co-

aggregation of mutant p53 with remaining WT p53 (Wallis 

et al. 2023). In LAML patients, TP53 inactivation tends to 

increase with CNV and LOH (Fig. 4a, SI. 7a, b) as widely 

reported (Gonzales & Cheok 2018; Prokocimer et al. 2017). 

Less appreciated perhaps is that the LAML correlation is far 

weaker and noisier (slope = 0.32; R2 = 0.31) than the pan-can-

cer correlation across solid tumors (slope = 0.80; R2 = 0.80) 

(Fig. 4b). For some cancer types, p53 inactivation is consid-

ered a frequent first step toward CNV generation (Baslan et al. 

2022), but LAML’s weaker trend not only suggests a weak 

regulation by p53 but also again indicates a relative limit to 

aneuploidy in this liquid cancer. This observation seems con-

sistent with the weak effects of reversine in the long term 

(Fig. 2a–d).

To test the above hypothesis, we introduced wild-type TP53 

into the THP-1. Although correction of such a significant and 

clinically relevant deletion (Welch 2018) by gene editing might 

eventually prove efficient, we chose to transduce full length p53 

by Lentivirus to assess rescue in THP-1. Western blot confirms 

protein expression (Fig. 4c), based on an anti-p53 against the 

so-called TAD1 region, which was chosen because isoforms 

lacking TAD1 associate with poor prognosis (Avery-Kiejda 

et al. 2014) compared to other isoforms (Bourdon et al. 2011; 

Joruiz & Bourdon 2016). We observe that p53 levels in these 

THP-1 cells are equal to or greater than those in the p53-normal 

A549 lung adenocarcinoma cell line (SI. 8a). Importantly, copy 

number profiles of clones show minimal differences between 

the wild-type and p53 overexpressing THP-1 (TP53OE THP-1) 

(Fig. 4d). Such a finding aligns with the past conclusions that 

p53 loss is usually upstream of aneuploidy generation rather 

than a downstream effector (Baslan et al. 2022).

TP53 overexpression in THP-1 favors 
apoptosis ± stress

Apoptosis in response to DNA damage can be induced by 

p53 for some cell types (Aubrey et al. 2018), but effects in 

THP-1 cells have remained unclear. TP53OE cells have a 

doubling time that might be slightly longer than control 

THP-1 cells, but TP53OE cells certainly have a ~ twofold 

higher cell death rate in standard culture (Fig. 4c, e). Oxida-

tive stress is typical in many diseased microenvironments. 

Treatment of multiple cell types with the oxidative stressor 

 H2O2 triggers apoptosis through a mitochondrial pathway 

with activation of effector caspase-3 dependent in part on 

p53 via p38 MAPK (Bejarano et al. 2011; Lee et al. 2012; 

Li et al. 2010; Roy et al. 2010; Shi et al. 2021; Sies & 

Jones 2020). Studies of THP-1 in this context are lacking, 

but we find that  H2O2 increases cell death generally and 

maximally for the TP53OE cells (Fig. 4e). The results are 

thus consistent with rescue of an anticipated p53 activity. 

In contrast to  H2O2, cell death with the drug PFT-μ proves 

independent of p53 (Fig. 4e). This drug induces apoptosis 

in acute leukemia via HSP70 inhibition (Kaiser et al. 2011) 

and might also inhibit p53 (Chipuk et al. 2004; Leu et al. 

2004; Mihara et al. 2003).

Within the bone marrow microenviroment, proliferation 

of leukemia cells can exert a confinement pressure against 

bone that is sufficiently large to expand the marrow and cause 

bone infarction and pain (Li et al. 2019). We simulated such 

Fig. 1  Loss of heterozygosity (LOH) is proportional to aneuploid 

(CNV) fraction of chromosomes, with both being low in hematologic 

liquid cancers, and (unlike many cancers) leukemia patients with high 

aneuploidy show poor survival and also inactivated TP53 similar to 

the THP-1 leukemia line. Table  1 reports the aneuploidy measure 

for each method used. a TCGA data demonstrates linearity between 

the fraction of chromosomes with LOH and the fraction of chromo-

somes with CNV in various cancer types (error bands indicate 95% 

confidence interval, slope = 0.41, R2 = 0.94, p-val < 2.2e-16). Liquid 

tumor patients (LAML and DLBC, in blue font) have low levels of 

both CNV and LOH among all cancers. Data for the THP-1 line is 

described below. Bar plots at the bottom further indicate the percent-

age of cancers with poor survival, high cell cycle gene expression, 

and high TP53 inactivation among patient subpopulations with high 

aneuploidy (top 25% vs bottom 25% based on fraction of genome 

with CNV in each type of cancer; cancer types with significant dif-

ferences were labeled on the bar plot). Cancer type abbreviations 

are standard per TCGA. b Aneuploidy level of different cancer cell 

lines from Cancer Cell Line Encyclopedia (CCLE). The plot was 

summarized based on the disease types and arranged based on the 

upper quantile aneuploidy level. Leukemia has a similarly low level 

of aneuploidy when compared to many non-cancerous cell lines. Sus-

pension cancer cell lines (blue) indeed tend to possess very low ane-

uploidy. c Characterization of TP53 in THP-1. SNPa shows a single 

copy of TP53 on chromosome 17, but single-cell RNA-seq suggests 

near zero TP53 transcript in THP-1 cells. Single-cell RNA-seq of 

healthy monocytes from human peripheral blood mononuclear cells 

(PBMCs) serves as a control of normal expression level of TP53. 

GAPDH is a commonly expressed gene and MYH6 served as a null 

expression control due to its sole expression in cardiomyocytes. d 

Heterogeneity in UMAP and clustering analysis over copy number 

results from our single-cell DNA-seq of THP-1  s shows 8 different 

subclones. Cells in each clone share unique CNV features which dif-

ferentiate them from the primary clone C1 (denoted in the UMAP 

plot). Tabulated cell numbers of each clone include those deemed 

abnormal. Cells with arm-level chromosome changes compared to 

the primary clone were denoted as “outliers,” and outliers of C1 were 

marked by asterisks

◂
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physical stress by 8-h compression of THP-1 cells and again 

measured death (Fig. 4f). Confinement increases apopto-

sis in both wild-type and TP53OE cell lines, with slightly 

more apoptosis induced by p53 than expected for propor-

tional effects beyond untreated controls (dashed line with 

unit slope in Fig. 4g). With PFT-μ which can inhibit p53, any 

p53-dependent increase in death for TP53OE is understanda-

bly below the same trend line (Fig. 4g). The results suggest the 

possibility that more sustained physical and chemical stressors 

(e.g., months instead of hours and days) could bias the death 

of specific genotypes and drive p53-dependent selection, but 

new genotypes might also be induced under stress.

p53 expression in THP-1 activates p21 in stressed 
cells

After verifying that the low level of TP53 expression in 

THP-1’s is unaffected by MPS1i (SI. 9a), we sought to 
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Fig. 2  Single-cell THP-1 expansion reveals tolerance to intrinsic 

and inducible genomic variation. a Experimental setup of single-cell 

THP-1 expansion. In short, serial dilution was performed to grow 

THP-1 developed from a single cell for 2  months. The cells were 

either untreated or treated by 2 μM reversine, a potent MPS1 kinase 

inhibitor, followed by a 2-day recovery period before expansion. Bar 

plot below represents the success chance of a single cell develop-

ing into a clone under 2 different conditions. Reversine-treated sam-

ples have a slightly higher success rate of expanding into clones. b 

Copy number profile of the single-cell clones derived from SNPa. 

CNV results from single-cell DNAseq on top perfectly match the 

SNPa results derived from the general THP-1 population (labeled 

as “bulk”), confirming the validity of SNPa inferred copy num-

ber. Most of the single-cell clones developed can be traced back to 

the subclones derived from Fig.  2a based on the shared copy num-

ber profiles. However, some reversine-treated clones acquired CNV 

signatures there were missing from the DNAseq data (labeled as 

“unique”), highlighting the potential generation of viable clones with 

new chromosome changes through MPS1 kinase inhibition. c LOH 

level correlates to CNV level within LAML patients, and high CNV/

LOH patients tend to have high TP53 expression. Patients/cells are 

considered to be TP53 high/low if they are top/bottom 25% in p53 

expression. THP-1 (square) that is known to be TP53 deficient has a 

much higher aneuploidy and LOH level compared to patient samples 

(circle). The best-fit lines of single-cell clones, TCGA LAML patient 

data, and TCGA pan-cancer data were drawn on the plot. Different 

colors were used to indicate the treatment condition of single-cell 

clones and TP53 expression status in LAML patients. The bar plot 

below shows that LAML patients with high CNV level tends to be 

low in TP53 expression in TCGA database. d Proliferation rate of the 

single-cell clones correlates to their LOH levels. Reversine-treated 

clones tend to have high variance both genetically and phenotypically. 

Table 1 reports the aneuploidy measure for each method used
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determine which if any of the canonical p53-activated genes 

might be affected (SI. 9b). The cyclin-dependent kinase 

inhibitor-1 p21 is a well-known major target of p53 and is 

the only gene showing a significant increase with MPS1i 

treatment—although transcript levels are minimal (SI. 9c).

To assess activation p21 of protein in both wild-type 

and p53 overexpressing THP-1’s, we used Western blotting 

methods (SI. 10) after treatments with MPS1i or etoposide 

that induces DNA damage (Walles et al. 1996). Low levels of 

p21 are detected in wild-type and p53 overexpressing THP-

1’s, and p21 is unaffected by drug treatments of wild-type 

THP-1 s (Fig. 5a, b). In comparison, etoposide causes a strong 

and clear increase only with p53 overexpression (Fig. 5c). 

As controls, two adherent cancer cell lines that express p53, 

U2OS, and A549 also show strong increases of p21 protein 

with etoposide (Buscemi et al. 2014) with less induction by 

MPS1i.

Upregulation of p21 causes downregulation of many cell 

cycle genes (Engeland 2022), and the drugs cause a clear 

suppression of growth immediately after treatment (Fig. 5d)—

but the effects are the same for wild-type and TP53OE cells. 

The lack of obvious p53 effect is surprising given the p21 

activation (Fig. 5c). However, the results again suggest key 

pathways that are p53-independent in THP-1 cells.

Discussion and conclusions

Biophysical differences between liquid and solid tumors con-

ceivably contribute to differences in genome instability. Liquid 

tumors flow easily in dispersing throughout the body and are 

generally said to exhibit far fewer chromosome gains and losses 

compared to solid tumors that are typically more confined even 

at metastatic sites. Liquid cancers also show a more balanced 

rate of chromosome gains and losses (Duijf et al. 2013). Such 

differences in liquid and solid tumors could reflect fundamentally 

different etiologies, ranging from induction of diversity to sub-

sequent selection pressures that are intrinsic or extrinsic to such 

different types of cells.

We focused on the SAC and p53 because CNV is caused 

by chromosome segregation errors (Cimini et al. 2001). Based 

largely on studies in adherent cell types from solid tumors 

and tissues, the SAC’s MPS1 kinase blocks anaphase onset 

and ensures proper mitotic orientation (Dudka et al. 2018), 

but chromosome mis-segregation can trigger p53-dependent 

fail-safe mechanism to block proliferation and aneuploidy 

(Hinchcliffe et al. 2016). Using single-cell sequencing, we traced 

the changes of CNV heterogeneity in liquid suspension cancer 

lines with either short-term or long-term MPS1i and concluded 

that MPS1 kinase in a typical liquid cancer line is functionally 

important. Diversification can be initially large and similar to 

levels sustained in solid tumors. Novel CNV can clearly emerge 

and impart a growth advantage (Ben-David & Amon 2020; 

Weaver et al. 2007). Such findings here are consistent with 

an unappreciated tolerance in liquid cancers to initial genetic 

heterogeneity, and have implications for resistance to therapy. 

Nonetheless, long-term tolerance to CNV heterogeneity seems 

to be at a low basal level. Microenvironment-relevant chemical 

and physical perturbations applied to liquid suspension cancer 

cells expressing TP53 or not show that p53 does not rescue 

pre-existing copy number defects. Nonetheless, p53 remains 

functional in favoring slight apoptosis under stressful conditions 

of likely relevance to CNV.

Expression of p53 is reported to relate to pluripotency 

of human embryonic stem cells (Fu et al. 2020). We there-

fore assessed pluripotency marker expression among LAML 

patients with high and low p53 inactivation in TCGA. No sig-

nificant differences are observed between the groups (SI. 11).

Cancer progression is not only driven by internal genomic 

factors, but also by microenvironment factors that include bio-

physical factors such as confinement. Tumor stiffness relates 

closely to cancer progression and metastasis of solid tumors 

(Mierke et al. 2018; Wei et al. 2017), and external plus inter-

nal factors can contribute to co-evolution (Emon et al. 2018). 

Physical stress applied to solid cancer derived lines generates 

DNA damage in part via mis-localization of DNA repair factors 

(Xia et al. 2018). Liquid cancers are understudied in such con-

texts despite physical diversity in liquid cancer microenviron-

ments. Mechanotransduction factors are indeed upregulated in 

malignant non-adherent cancer cells (Wong et al. 2018). Bone 

marrow is typically pliable but is adjacent to rigid bone and 

also separated from flowing blood by a restrictive basement 

membrane (Ivanovska et al. 2017), which suggests sources 

of physical “stress” and which motivated us to begin study-

ing confinement effects on suspension cultures. Our finding 

of increased cell death under confinement shows that liquid 

cancers are sensitive to mechano-environment, which begins to 

indicate that biophysical cues might play an important role in 

liquid cancer genetics whether by selection or induction.

We evaluated p21, one of the well-known downstream 

targets of p53, in order to further assess function of ectopic 

p53 in the THP-1 suspension cancer line. Our findings clearly 

indicate that p53 rescues p21 activation in THP-1’s with DNA 

damage caused by Etoposide. However, the expected growth 

suppression is independent of p21 level. Furthermore, p53 level 

within the engineered suspension cancer line decreases after 

receiving reversine and etoposide (Fig. 5c), which is opposite 

to the trend observed in the two solid tumor-derived adherent 

cancer cells studied. All of these findings suggest distinct p53 

pathways.

Overall, our experimental studies plus analyses of pan-

cancer TCGA data suggest that there are mechanisms 

beyond p53 for relatively strong genetic protection in liquid 

cancers compared to solid tumors. Further understanding of 

such mechanisms may enable new strategies in suppressing 

genetic diversity that impacts cancer therapy and resistance.
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Materials and methods

TCGA Analysis and cell cycle gene expression score 
calculation

Expression (RNA-seq, rsem reads), copy number variation 

(masked cnv), and phenotype data was downloaded from 

UCSC Xena website (https:// xenab rowser. net/ datap ages/) 

(Goldman et al. 2020). For scaling analysis, patients of 

each cancer type were categorized based on the fraction 

of chromosomes with CNV/LOH. Top 25% of the patients 

were compared to the bottom 25% over the CCS, survival 

rates, and TP53 inactivation score. For CCS and TP53 

inactivation score comparison, Welch’s t-test was used. For 

survival rate, Kaplan–Meier curves were generated, and the 

log rank test was used. The p-values were reported (SI. 1a). 

Cancer types showing significant differences between high 

vs low CNV/LOH groups are labeled in Fig. 1a.

For CCS calculation, z-scores of the rsem reads from cell 

cycle genes were computed. The cell cycle gene list was obtained 

from a well-curated aggregation of three different databases 

(Lundberg et al. 2022). The z-scores of all the cell cycle genes 

were summed in each cell and scaled between 0 and 1 as CCS.

CCLE analysis and aneuploidy level calculation

Expression (RNA-seq, CCLE_expression), copy number 

variation (CCLE_segment_cn), and phenotype data was 

downloaded from the DepMap portal (https:// depmap. org/ 

portal/ downl oad/ all/).

Since CCLE copy number was reported as the ratio between 

the copy number and the basal reference of the sample, a 

region with 2 copies of chromosomes will have a ratio of 1. 

The aneuploidy level was obtained by summing |reported 

ratio—1|× segment length of the reported ratio within each 

sample. Expression was reported in the form of  log2(TPM + 1).

Cell lines and tissue culture

The following cell lines were used: THP-1 human leuke-

mia monocytic cell line, B16-F10 murine melanoma cell 

line, U2OS human osteosarcoma cells, and A549 human 

lung adenocarcinoma cell line. All cell lines were obtained 

from American Type Culture Collection (THP-1: TIP-202; 

B16-F10: CRL-6322; U2OS: HTB-96; A549: CCL-185). 

THP-1 cells were cultured in RPMI 1640 (Gibco, Catalog 

no. 11879020); B16-F10 and U2OS in DMEM (Gibco, Cata-

log no. 10569010); and A549 in Ham’s F-12 media (Gibco, 

Catalog no. 11765047). HEK293T cells used, acquired from 

ATCC, for lentiviral packaging were also cultured in DMEM. 

The media were supplemented with 10% (v/v) fetal bovine 

serum (FBS; MilliporeSigma, Catalog no. F2442) and 100 U 

 mL−1 penicillin–streptomycin (Gibco, Catalog no. 15140122). 

Both THP-1 and B16-F10 cells were passaged every 2–3 days. 

The density of THP-1 was maintained between 300,000 and 

1.2 million cells/mL. B16-F10 cells were passaged using 

0.05% Trypsin/EDTA (Gibco, Catalog no. 25300054). All 

cell lines were incubated at 37 °C and maintained at 5%  CO2.

Single cell DNA-seq CNV analysis

DNA library was constructed using Chromium Single 

Cell DNA Reagent kits (PN-1000041, PN-1000057, 

PN-120262,  PN-1000032,  PN-1000036)  f rom 

10 × Genomics (Pleasanton, CA) per the manufacturer’s 

instructions. Library prepared was processed at the 

Next Generation Sequencing Core at the University of 

Pennsylvania (12–160, Translational Research Center, 

University of Pennsylvania) using NovaSeq 6000, 200 

cycles (Illumina, San Diego, CA). For each sample, 

the copy number data was generated using Cell Ranger 

DNA pipeline (10 × Genomics) and then exported to R to 

generate the copy number heatmap.

Cells were removed from the analysis if they were 

f lagged as “noisy” by Cell Ranger. To ensure high 

confidence of the copy number profiles, cells with fewer 

than 600 k reads were excluded. Dimensional reduction 

was performed over integer single-cell copy number 

data using UMAP with R package “uwot” (v0.1.10, 

min_dist = 0, n_neighbours = 70). To identify the clones, 

we used the package “dbscan” (v1.1–10, minPts = 3) to 

cluster. Heatmap was then generated using R package 

“ComplexHeatmap” (v2.11.1).

Fig. 3  MPS1 kinase inhibition suppresses suspension cell line pro-

liferation and transiently increases CNV entropy with subsequent 

selective growth of unique CNV, as inferred from single-cell RNA-

seq. a THP-1 cells received either continuous low-dose or short-term 

high-dose reversine treatment for proliferation rate assessment. b 

MPS1 kinase inhibition suppresses THP-1 growth and lead to a minor 

increase in cell death percentage after day 4. c Cell cycle analysis 

over THP-1 s with MPS1 kinase inhibition shows an increase in the 

percentage of G2/M cells, suggesting G2/M arrest. d Inferred copy 

number using single-cell RNA-seq shows high resemblance to sin-

gle-cell DNA-seq results (labeled as “DNA”). Cells labeled as “out-

lier” have arm-level chromosome gains and losses compared to the 

consensus copy number profile of the entire population. Deviation 

measures the difference of inferred CNV level between each cell and 

the consensus population. The deviation has been normalized such 

that the averaged deviation of the consensus population equals to 1. 

Table 1 reports the aneuploidy measure for each method used. e Plot 

of outliers’ deviation against percent of outliers in various conditions. 

Outliers’ deviation score from reversine-treated THP-1 has a drastic 

increase right after the treatment and decreases to near normal level 

after a 2-month recovery period. However, the percent of outliers 

increase after the 2-month recovery. The inset represents the variance 

of the deviation. Reversine-treated THP-1 with short-term recovery 

has a very high variance compared to the other samples, suggesting 

high CNV heterogeneity in the population

◂

https://xenabrowser.net/datapages/
https://depmap.org/portal/download/all/
https://depmap.org/portal/download/all/
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Single cell RNA-seq

RNA libraries were prepared using the Chromium Single 

Cell Gene Expression kit (v3.1, single index, Catalog 

no. PN-1000128; PN-1000127; PN-1000213) from 

10X Genomics (Pleasanton, CA) per the manufacturer’s 

instructions. The libraries were sequenced at the Next 

Generation Sequencing Core (12–160, Translational 

Research Center, University of Pennsylvania) using NovaSeq 

6000, 100 cycles (Illumina, San Diego, CA). Raw base call 

(BCL) files were analyzed using CellRanger (version 5.0.1) 

to generate FASTQ files and the “count” command was used 

to generate raw count matrices aligned to GRCh38. Cells 

were filtered to make sure that they expressed a minimum of 

1400 genes with less than 15% mitochondrial content. Data 

was normalized using the “LogNormalize” method from 

the package “Seurat.” Differential expression analysis was 

performed using the “FindAllMarkers” command and the 

output was used for gene set enrichment analysis (GSEA).

InferCNV analysis and reference dataset generation

Count matrix of single-cell RNA-seq results were 

used as input for inferCNV object construction (1.7.1) 

(InferCNV of the Trinity CTAT Project, https:// github. 

com/ broad insti tute/ infer CNV). Gene position files were 

created for GRCh38. Single-cell RNA-seq data of healthy 

monocytes were used as reference for copy number profile 

construction.

The following dataset was used for reference generation: 

10 k Peripheral Blood Mononuclear Cells (PBMCs) from a 

Healthy Donor, Single Indexed. The data was downloaded 

from the official website of 10 × Genomics (Pleasanton, CA). 

Cells were filtered to make sure that they expressed a mini-

mum of 1000 genes and a maximum of 6500 genes with less 

than 15% mitochondrial content. Cell types were annotated 

either manually or using the package “SingleR” (v1.6.1). 

For manual annotation, cells were clustered and assigned 

cell types based on the expression of cell type-specific sig-

nature genes (SI.5a). For SingleR, reference data was gen-

erated using the function “HumanPrimaryCellAtlasData” 

from the package “celldex” (v1.2.0) and compared to the 

raw expression matrix from the PBMCs to determine the cell 

types. A total of 1000 cells recognized as monocytes using 

both methods were selected as the reference for inferCNV 

analysis (SI. 5d–e). Aneuploidy types reported using various 

technologies and sources are in Table 1.

Outlier detection

Denoised results from inferCNV were used as the input 

(“infercnv.observations.txt”). The averaged copy number of 

each chromosome segment was calculated, and the difference 

between each cell’s copy number and the overall mean at each 

segment was calculated. The deviation was summed across 

the entire chromosome and the distribution of the deviation 

was obtained. Cells sharing an absolute deviation that is more 

than 2.5 times standard deviation away from the distribution 

peak were marked to be outliers of a certain chromosome.

Single-nucleotide polymorphism arrays and analysis

Genomic DNA was isolated from 1 million cells with 

the Blood & Cell Culture DNA Mini Kit (Qiagen, Cata-

log no. 13323) per the manufacturer’s instructions. The 

DNA samples were then sent to The Center for Applied 

Genomics Core (3615 Civic Ctr Blvd Abramson Pediatric 

Research Building, Suite 1016, Philadelphia, PA 19104) 

for single nucleotide polymorphism (SNP) array. For this 

array, > 650,000 probes have an average inter-probe dis-

tance of ~ 4 kb along the entire genome. For each sample, 

Genomics Core provided the data in the form of Genom-

eStudio files (Illumina). Chromosome copy number and 

LOH regions were reported in GenomeStudio (v2.0) using 

cnvPartition plug-in (v3.2.0, Illumina). The output was 

exported and analyzed using R. Heatmap was then gen-

erated using R package “ComplexHeatmap” (v2.11.1).

Treatment

For THP-1, the cells were suspended in non-treated plates 

(MedSupply Partners) at 300,000 cells/mL. The following 

Fig. 4  TP53 inactivation associates with cancer aneuploidy but trend 

is weaker for LAML patients. a TCGA-LAML patients’ aneuploidy 

level scales with TP53 inactivation score. Each row represents the 

copy number profile of a single patients and was ordered from the 

highest to the lowest TP53 inactivation score. High score means more 

p53 inactivation. b TCGA analysis shows a linear correlation between 

aneuploidy level and TP53 inactivation with a R-squared value of 

0.80. More TP53 inactivation leads to more CNV in different cancer 

types. Red data points represent individual LAML patients which 

demonstrate an intolerance toward CNV over LOH compared to the 

general trend. Red-dashed lines circled out outliers and their copy 

number profiles are shown in the inset. Table 1 reports the aneuploidy 

measure for each method used. c Western blot confirmed the success 

of TP53 transduction in THP-1. The transduced THP-1 has a slightly 

higher doubling time. d TP53-transduced THP-1 shows no significant 

difference in LOH and CNV profile compared to the wild-type THP-

1. e TP53-transduced THP-1 has a higher cell death rate compared 

to the wild-type THP-1. The samples were then treated with hydro-

gen peroxide  (H2O2) and pifithrin-μ (PFT-μ). The cell death percent-

age was measured using propidium iodide (PI) staining followed by 

flow cytometry. f Schematic representation of confining non-adherent 

THP-1 cell line to simulate marrow confined leukemia. Confinement 

leads to increased cell death in both wild-type and TP53-transduced 

THP-1. With TP53, though not significant, THP-1 has a tendency to 

have more cell death. g Percent of apoptotic cells of TP53-transduced 

THP-1 versus wild-type THP-1 in various treatment conditions. The 

dashed line indicates a strict proportionality with an offset set by the 

untreated cells (control)

◂

https://github.com/broadinstitute/inferCNV
https://github.com/broadinstitute/inferCNV
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chemical treatments were used: MPS1 inhibitor reversine 

(Cayman Chemical, Catalog no. 10004412),  H2O2 (Fisher 

Chemical, Catalog no. H323), Pifithrin-µ (PFT-µ, AmBeed, 

Catalog no. A370437), and dimethyl sulfoxide (DMSO; Mil-

lipore Sigma, Catalog no. D2438). The reversine concentra-

tions and treatment times used are either 0.1 µM continuous 

treatment or 2 µM for 24 h followed by washout and 48 h 

recovery.  H2O2 treatments were performed at 20 µM for 

24 h. PFT-µ treatment lasted 10 µM for 24 h.

Lentiviral packaging and delivery

For p53 overexpression, the pLX313-TP53-WT plasmid 

was a gift from William Hahn and David Root (Addgene 
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Fig. 5  p53 in engineered THP-1 responds to DNA damage in dis-

tinct patterns compared to the ones in adherent cancer cell lines. a 

Experimental setup of Western blot and cell proliferation measure-

ments. THP-1 cells (wild-type and TP53OE) were either treated with 

2 μM reversine for 1 day or treated with 10 μM etoposide for 3 h. For 

Western blots, cell lysate was collected immediately after drug treat-

ment. For cell proliferation measurements, 300,000 cells/mL at day 0 

was followed by measurements at day 1, 3, and 5 (n = 3). b Western 

blot shows p21 activation in TP53-transduced THP-1 under etoposide 

treatment. Wild-type THP-1 shows no significant p21 level changes. 

c p21 and p53 Western blot intensity analysis. Each dot represents an 

independent Western blot experiment. Data from adherent cell lines 

(U2OS and A549) demonstrate a consistent trend of relative p21 and 

p53 levels when treated by reversine or etoposide. d Semi-log plot 

of growth of wild-type and TP53-transduced THP-1. Both wild-type 

and engineered THP-1 show the same response when being treated 

by reversine or etoposide. Reversine suppresses growth immediately 

after treatment but has little effect in later days. Etoposide kills cells 

and suppresses growth even after the drug release
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plasmid # 118,014; http:// n2t. net/ addge ne: 118014; RRID: 

Addgene_118014) (Giacomelli et al. 2018). Lentivirus 

was produced in HEK293T cells using MirusBio TransIT-

Lenti Transfection Reagent (Catalog no. MIR 6604) fol-

lowing the manufacturer’s protocol. Lentiviral production 

was allowed to occur for 48 h, after which the supernatant 

was collected. Infected cells were selected by incubation 

using 300 μg/mL hygromycin (ThermoFisher, Catalog no. 

10687010).

Immunoblotting

Standard Western blotting was performed. In brief, THP-1 

cells were centrifuged and washed 2 × with cold PBS, and then 

lysed in RIPA buffer (Sigma, Catalog no. R0278) containing 

1 × protease inhibitor cocktail (Sigma, Catalog no. P8340), 

followed by 30-min centrifugation. Supernatant was boiled 

in 1 × NuPage LDS sample buffer (Invitrogen, Catalog no. 

NP0007) with 2.5% v/v β-mercaptoethanol. Approximately 

1 million cells were used for each analysis. Proteins were 

separated by electrophoresis in NuPAGE 4–12% Bis–Tris 

gels run with 1 × MOPS buffer (Invitrogen, Catalog no. 

NP0323) and transferred to an iBlot nitrocellulose membrane 

(Invitrogen, Catalog no. IB301002). The membranes were 

then blocked with 5% non-fat milk in Tris-buffered saline 

(TBS) plus Tween-20 (TBST) for 1  h. The membranes 

were washed with TBST and incubated with 1:1000 

primary antibody in 5% milk in TBST overnight at 4 °C. 

The membranes were then incubated with 1:10,000 IRDye 

800CW (LI-COR Bioscience) in 5% milk in TBST for 1 h at 

room temperature with agitation. Developed membranes were 

scanned using Odyssey M system (LI-COR Bioscience) and 

analyzed with ImageJ (National Institutes of Health).

Immunofluorescence and imaging

For A549, cells were fixed for 15 min in 4% formaldehyde 

(Thermo Fisher Scientific, Catalog no. 28908), permeabilized 

by 0.5% Triton-X (MilliporeSigma, Catalog no. 112298) for 

15 min, and blocked for 30 min with 5% bovine serum albumin 

(BSA, MilliporeSigma, Catalog no. A7906). The sample was 

then incubated overnight in primary antibodies (1:500 dilution). 

For p53 staining, the primary antibody used was DO-1 (Santa 

Cruz, Catalog no. sc-126). The cells were then incubated in 

secondary antibodies (1:500 dilution) for 1.5 h, and their nuclei 

were stained with 8 μM Hoechst 33,342 (Thermo Fisher, Catalog 

no. 62249) for 15 min. For THP-1, the cells were centrifuged, 

fixed with 4% formaldehyde for 20 min, and washed twice with 

deionized water. Three drops of cell suspension solution were 

then dispensed on gelatin-coated microscope slides and dried 

on a hot plate. Hydrophobic barrier pen was used to surround 

the cell spot, and the rest of the procedures were the same as 

A549 staining. Epifluorescence imaging was performed using 

an Olympus IX71 with a digital camera (Photometrics) and a 

20 × /0.6 NA object.

Confinement assay

Thirty-millimeter glass coverslips were coated with RainX 

(glass water repellent PDMS; RainX Company, Catalog 

no. 1597562), left in PBS, and sterilized overnight with 

ultraviolet light. The following day, THP-1 cells were 

resuspended at 2,000,000 cells/mL. Six to 7 µm polystyrene 

beads (SpheroTech, Catalog no. SVP-60–5) were added at 

a density of 7 µL of beads/2 mL of media to act as spacers 

to control the height of the confinement. A 300 µL droplet 

of the cell and bead suspension was pipetted in an untreated 

6-well plate, and the coverslip was placed on top of the 

droplet. A sterilized stainless-steel weight was placed on 

top of the coverslip, and 1 mL of media was added to the 

well. After 8 h, the confinement setup was removed.

Flow cytometry and analysis

All flow cytometry was performed on a BD LSRII (Ben-

ton Dickinson) located at Penn Cytomics and Cell Sorting 

Resource Laboratory (297 John Morgan Building, Phila-

delphia, PA 19104). Exported FACS files were analyzed 

using FCS Express  7th edition. For a cell death assay, THP-1 

cells were centrifuged and resuspended in FACS buffer 

(PBS + 5% FBS) with 1 μg/mL Propdium Iodide (PI, Sigma, 

Catalog no. P4864), and analyzed by flow cytometry.

To remove aggregates from the analysis, forward scatter 

parameters FSC-A vs FSC-H and side scatter parameters 

SSC-A vs SSC-H were used in gating. Intact cells were 

filtered out by gating on forward scatter and side scatter 

(FSC-A vs SSC-A). Cell death percentage were obtained by 

quantifying the cell that is high in PI staining.

Statistics and reproducibility

The statistical methods for each experiment are included 

in the corresponding figure legends. All statistical analyses 

were done on GraphPad Prism 9.0. Unless specified, all error 

bars in the plots are standard deviation. All experiments 

were biologically repeated and confirmed.
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