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ing their level of CIN without affecting the other genetic abnormali-
ties they carried. Remarkably, cancer cells that lost CIN also lost their 
ability to spread. And to our surprise, we found that CIN promotes 
cancer spread by generating persistent and smoldering inflammation. 
It is the body’s own immune response that ultimately enables these 
cells to break free from the site of the primary tumor and colonize 
distant organs. 

This finding, which we published in Nature in 2018, suggested 
that the act of being unstable is itself critically important to can-
cer’s ability to evolve.1 It was also an untapped opportunity: could 
we target the processes that lead to cells with abnormal chromo-
somes in order to treat CIN-ful cancers? Could we halt metastasis 
by somehow stabilizing the genome, or by alleviating the chronic 
inflammation CIN causes? Could we reeducate the immune sys-
tem to clear cells with abnormal chromosome numbers? 

To address these critical questions, my laboratory at  
Memorial Sloan Kettering  (MSK) Cancer Center has employed an 
interdisciplinary approach rooted in cell biology while combining  
single-cell genomics, mathematical modeling, and clinical sam-
pling. We believe that through such an integrated approach we 
will understand how CIN alters cancer cell behavior and pro-
motes adaptability to sustain cancer progression. Furthermore, 
we aim to uncover the cellular pathways that enable cancer cells to 
tolerate CIN and to target those pathways for therapeutic benefit. 

In 2018, to complement our academic efforts to understand 
CIN’s role in cancer, Cantley and I, along with another colleague, 
Olivier Elemento, cofounded Volastra Therapeutics, where 
researchers are now working to develop CIN-targeting therapies 
for a range of cancer types. With these broad and collaborative 
efforts, we hope to expedite the development of new treatments 
for patients suffering from chromosomally unstable cancers.

An overlooked cancer hallmark
Ever since researchers sequenced the first cancer genomes in 
2006, our understanding of the genetic alterations that promote 
cancer formation has steadily evolved. Along the way, scientists 
have developed therapies that target individual genetic drivers of 
tumor progression, with the underlying assumption that if these 
drivers are inhibited, the tumor can be halted in its tracks. This 
was the reason we sent the tumor DNA of my patient for genomic 
sequencing, and doing so has become a standard approach for 
many oncologists treating cancer patients at MSK. But when 
sequencing fails to turn up a genomic alteration that would direct 
us to a targeted treatment, the limitations of personalized oncol-
ogy become clear: while successful for a few, it remains limited in 
its success for most patients with advanced malignancies. 

Even if a targeted therapy is applicable, it may only be effective 
at first. That’s because cancer evolves, and often finds ways to evade 
the drugs we throw at it. One of the most powerful weapons that 
cancer cells have at their disposal is CIN, which involves randomly 
shuffling their chromosomes each time they divide. (See illustra-
tion on opposite page.) Errors in chromosome segregation propa-
gate and multiply. This results in a population of cancer cells with 

a vast amount of heterogeneity in their chromosomal composition 
and copy number, a phenomenon known as aneuploidy. Indeed, 
high levels of CIN and aneuploidy are features of advanced tumors 
that have relapsed after multiple rounds of therapy and are not 
responding to a drug that inhibits a single mutated gene, even if the 
patient’s cancer had at one point been beaten back by the therapy.

Researchers have known for decades that aneuploidy is a 
characteristic feature of human cancer, but it wasn’t until 1997 
that Christoph Lengauer and Bert Vogelstein of Johns Hopkins 
University School of Medicine first demonstrated the role of CIN 
in promoting cancer cell heterogeneity.2 Their work led to the 
immediate appreciation that CIN has the potential to actively fuel 
cancer evolution and progression by tuning the number of cop-
ies of each chromosome, and as a result, the copies of the genes 
encoded on these chromosomes. More-recent work done by  
Stephen Elledge at Harvard Medical School and colleagues 
revealed that human cancers indeed increase their fitness by max-
imizing the number of chromosomes that harbor oncogenes and 
minimizing the ones bearing tumor suppressor genes.3 

Despite its importance to human cancer, CIN has taken a back-
seat to genetic mutations in the laboratory, thanks to the method-
ological revolution brought about by the widespread adoption 
of next-gen sequencing. This development focused the attention  
of the cancer research community squarely on the contribution of 
individual genes in cancer. This led to important discoveries that 
expanded our knowledge of the role that many genes play during 
tumor initiation. But the approach overlooked the impact of large-
scale chromosomal abnormalities and how they might affect gene 
function and cancer cell behavior. While sequencing DNA purified 
from bulk tumor samples enables a much more detailed look at the 
exact genetic code of the chromosomes, this tactic fails to provide a 
map of how alterations in DNA sequences fit in the overall structure 
of the genome, and it obfuscates cell-to-cell heterogeneity in chro-
mosomal copy number. 

Over the past decade, researchers have begun to assign more 
weight to large-scale chromosomal changes. A key observation 

came in 2010 from Robert Benezra and colleagues at MSK. They 
revealed that cancers that have acquired CIN no longer depend 
on the oncogene that gave rise to the cancer in the first place. 
Indeed, when the investigators promoted the formation of lung 
cancers that were driven by the oncogene KRAS in mice, they 
observed tumor regression when oncogene was withdrawn using 
genetic manipulations. However, this regression effect was abro-
gated when the tumors were further engineered to be chromo-
somally unstable.4 This work has important implications for our 
understanding of how cancers can acquire resistance to targeted 
therapies, which by definition aim to inhibit the oncogenic driv-
ers, such as KRAS. 

More recently, Charles Swanton of University College London 
and the Crick Institute and his group were able to robustly establish 
the importance of CIN in human cancer. In a 2017 study that fol-
lowed lung cancer patients, the team demonstrated that CIN, rather 
than the number of individual mutations that a tumor harbors, was 
associated with reduced overall survival.5 The researchers went on 
to show that CIN likely plays critical roles in almost every facet of 
tumor biology, from metastasis to the ability of tumor cells to evade 
immune surveillance.6,7 This work has revealed that stepwise changes 

in chromosome copies each time cancer cells divide provide human 
tumors with the ability to evolve under various selective pressures. 

Thanks to these and other studies illustrating the role of CIN 
in cancer, the divide separating the cancer genomics and cell biol-
ogy fields has progressively eroded. While chromosomes carry the 
genetic code that can be deciphered using technologically sophis-
ticated genomic approaches, their life cycle and segregation during  
cell division is fundamentally a physical process that can be fol-
lowed with relatively high resolution under the light microscope. 
For instance, chromosomes that undergo segregation errors during 
mitosis end up in small DNA-containing structures called micro- 
nuclei, separate from the primary nucleus. Micronuclei have long 
been appreciated as a unique feature that distinguishes cancer 
cells from their normal surrounding tissues. Multiple groups have 
shown that envelopes surrounding micronuclei often rupture, spill-
ing chromosomes into the cytoplasm, where they are exposed to 
enzymes that can break down DNA as well as other proteins. This 
in turn leads to the shattering of chromosomes. 

Following these widespread chromosomal breaks, some pieces 
are lost, while others are randomly patched together out of order 
or in the wrong orientation, leading to the birth of new, highly 
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ERRANT ATTACHMENTS
When microtubules from each pole 
of a dividing cell attach to a single 
centromere, that chromosome 
lags behind the others and is often 
encapsulated in a micronucleus,  
even if it ends up in the intended cell.

MECHANISMS OF MICRONUCLEI  FORMATION

Numerous errors in chromosome segregation during cell division can lead to the formation of micronuclei, 
even if there isn’t actual mis-segregation of the chromosomes. These events are not mutually exclusive, 
nor are they independent, as each of these only serves to fuel chromosomal chaos.

CHROMOSOMAL FUSIONS
Shortened or broken telomeres can leave chromo-
somes vulnerable to fusion events that can lead to 
chromosomes with two centromeres, called dicentric 
chromosomes. When the cell divides, microtubules 
attach to both centromeres, often fracturing and 
separating the dicentric chromosomes into the daughter 
cells. These broken chromosomes can get sequestered 
in micronuclei immediately or after a subsequent cell 
division, due to impaired replication.

ANEUPLOIDY
If mis-segregation does occur, whether 
due to an errant microtubule attachment 
or another reason, the mis-segregated 
chromosome can similarly get encapsulated. 
If it doesn’t, the resulting aneuploid cell is at 
an increased risk of a lagging chromosome 
and micronucleus formation.
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While sequencing DNA purified from bulk 
tumor samples enables a much more detailed 
look at the genetic code, this tactic fails to 
provide a large-scale map of the overall 
structure of the genome.
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