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Abstract

Irregularities in nuclear shape and/or alterations to nuclear size are a hallmark of malignancy in

a broad range of cancer types. Though these abnormalities are commonly used for diagnostic
purposes and are often used to assess cancer progression in the clinic, the mechanisms through
which they occur are not well understood. Nuclear size alterations in cancer could potentially
arise from aneuploidy, changes in osmotic coupling with the cytoplasm, and perturbations to
nucleocytoplasmic transport. Nuclear shape changes may occur due to alterations to cell-generated
mechanical stresses and/or alterations to nuclear structural components, which balance those
stresses, such as the nuclear lamina and chromatin. A better understanding of the mechanisms
underlying abnormal nuclear morphology and size may allow the development of new therapeutics
to target nuclear aberrations in cancer.
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Introduction

Regular diagnostic screening and histopathological analysis of patient samples are
instrumental in cancer detection. These analyses are also crucial for informing prognosis
and, ultimately, developing treatment plans. For pathologists to formulate holistic diagnosis
and prognosis, many criteria need to be considered, including biomarker status, cell
structure, tissue structure, tumor size, and lymph node status. In the context of cell and
tissue structure, pathologists commonly use abnormalities in nuclear shape and size to grade
different cancers (Zink et al. 2004).

Nuclear shape abnormalities have been observed since the early days of cytology. In the
mid-nineteenth century, Beale was one of the first to observe unusual nuclear morphology
in various cancer types and assign diagnostic value to differences in nuclear size and
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shape (Beale 1860; de las Heras and Schirmer 2014). Other early work includes Bennett’s
observations of multinucleation and increased numbers of nucleoli (Bennett 1849) and
Lebert’s discovery of increased ratio of nuclear size to cellular size (Lebert 1851), or
karyoplasmic ratio (Wilson 1925), in cancer cells.

Nuclear metrics currently used in pathology to grade cancer tissue include abnormal nuclear
size, nuclear contour irregularities, hyperchromasia (dark nuclear staining due to increased
DNA content), and aberrant distribution of chromatin (Fischer 2020). Figure 1 shows a
representative schematic of a nucleus from a healthy cell and a nucleus from a cancerous
cell. Enlarged nuclei and variation in size have been observed in breast cancer (Abdalla

et al. 2009; Kashyap et al. 2018), melanoma (Mijovic et al. 2013), prostate (Epstein et

al. 1984; Diamond et al. 1982), cervical (Papanicolaou and Traut 1941), head and neck
(Giardina et al. 1996; Speight 2007), bladder (Bhatia et al. 2006), and kidney cancers (Nativ
et al. 1996). (Table 1) In some cases, increased nuclear size can be a signifier of poor
prognoses and clinical outcomes. For instance, in breast cancer, enlarged nuclei correlated
with higher histological grade, increased numbers of affected lymph nodes, and greater
tumor size (Alhudiri et al. 2019). Similarly, in mucinous ovarian cancer, increased nuclear
size is correlated with increased proliferation rates and reduced probability of survival
(Zeimet et al. 2011). Conversely, in osteosarcoma, decreased nuclear size along with contour
irregularities indicate malignancy (de Andrea et al. 2011). Nuclear size may potentially be
used to assess treatment efficacy — tumor regression in breast cancer after anti-estrogen
treatment correlated with decreased nuclear size in tumor cells (Samarnthai et al. 2012).

In this chapter, we discuss mechanisms by which nuclear size and shape alterations occur in
cancer.

Regulation of nuclear size

Aneuploidy, or an abnormal number of chromosomes, is highly prevalent in cancer,
occurring in almost 90% of all solid tumors (Taylor et al. 2018), and is caused by
chromosome instability or an increased rate of chromosome missegregation during mitosis
(Ben-David and Amon 2020; Capo-Chichi et al. 2016). An increase in the number of
chromosomes should increase the nuclear size and vice versa. As such, it is surprising that
aneuploidy does not necessarily correlate with nuclear size changes in cancer. For example,
an absence of correlation between nuclear size and aneuploidy has been reported for colon
cancer (Dangou et al. 1993). In bladder cancer, there are opposing reports of a correlation
and an absence of correlation (Van Velthoven et al. 1995; Helander and Tribukait 1988);
the reasons for the differences between these reports are unclear. Nuclear size does correlate
with aneuploidy in ovarian cancer (Zeimet et al. 2011) and in prostate cancer (Wang et al.
1992). Thus, aneuploidy may contribute to increased nuclear size in some but not all cancer

types.

Alterations to nucleo-cytoplasmic transport through nuclear pores can also alter nuclear
size. Nucleoporins, proteins that line nuclear pores, are upregulated in many different
cancer types, including ovarian, colorectal, and breast cancer, as well as lymphomas
and leukemia (Denais and Lammerding 2014). A high-throughput imaging RNAI screen
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identified nucleoporin ELYS as a determinant of nuclear size in mammalian cells (Jevtic et
al. 2019). ELYS knockdown in breast cancer cells resulted in small nuclei and decreased
nuclear import; in contrast, ELYS overexpression induced increased nuclear area and
increased nuclear import (Jevti¢ et al. 2019). Similarly, knockdown of nuclear transport
protein exportin 1 also increased nuclear size (Jevti¢ et al. 2019), demonstrating that nuclear
transport may play a significant role in nuclear size maintenance and that its dysregulation
can alter nuclear size in cancer.

Nuclear size alterations in cancer may alternatively occur because of alterations to the
osmotic coupling between the nucleus and the cytoplasm (Finan and Guilak 2010; Katiyar
et al. 2019). That the nucleus and the cytoplasm is osmotically coupled is evident from the
fact that nuclear volume is correlated strongly with cytoplasmic volume (Finan and Guilak
2010; Katiyar et al. 2019; Jorgensen et al. 2007; Neumann and Nurse 2007). An increase

in cytoplasmic volume is predicted to correlate with nuclear size. However, there are no
systematic studies to our knowledge that have attempted to correlate these two parameters in
human cancer tissues.

Perturbations to the nuclear lamins in cancers

The nuclear lamina is a mechanically stiff, mesh-like network located at the interface
between the inner nuclear membrane and chromatin. This network is composed of nucleus-
specific intermediate filaments: A-type lamins (lamins A and C) and B-type lamins
(lamins B1 and B2). Alterations to proteins of the lamina have been associated with not
only cancer but also with multiple degenerative disease states such as Hutchison-Gilford
progeria, Emery-Dreifuss muscular dystrophy, and dilated cardiomyopathy (Davidson and
Lammerding 2014).

Nuclear lamin expression is altered in numerous cancer types and is often associated with
advanced disease state and poor survival. Reduced expression or complete absence of lamin
AJC has been observed in breast cancer (Alhudiri et al. 2019; Matsumoto et al. 2015;
Capo-Chichi et al. 2011b), melanoma (Venables et al. 2001), colorectal cancer (Belt et al.
2011; Moss et al. 1999) and gastric cancer (Moss et al. 1999; Wu et al. 2009). (Table 1)

In breast cancer, reduced lamin A/C mRNA and protein levels correlated with indicators

of poor prognosis such as high histological grade, larger tumor size, poor Nottingham
prognostic index, high invasiveness, and development of metastases in addition to decreased
survival rates (Alhudiri et al. 2019; Wazir et al. 2013; Aljada et al. 2016). Similarly,
reduced lamin A/C levels or complete absence correlated with increased chances of disease
recurrence in patients diagnosed with stage 11 and stage |11 colorectal cancer (Belt et al.
2011). In ovarian cancer, there is heterogeneous expression and complete loss of lamin

AJC expression (Wang et al. 2009; Capo-chichi et al. 2011a). Lamin A/C protein levels

are downregulated in highly proliferative cells in basal cell carcinomas (BCCs) of the skin
(Venables et al. 2001). In contrast, in skin, others have reported elevated lamin A/C in the
basal cell layer of BCCs, squamous cell carcinomas, and actinic keratosis (Tilli et al. 2003).
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Type B lamins also deviate from normal levels in breast cancer, lung cancer, and prostate
cancer. Low lamin B1 mRNA levels corresponded to poor clinical outcomes in breast cancer
patients (Wazir et al. 2013). Reduced expression or complete loss of B-type lamins occurs

in small-cell lung cancers (Broers et al. 1993). Conversely, in prostate cancer, elevated lamin
B expression correlated positively with tissues scored with higher Gleason scores which
quantify poorly differentiated, more aggressive cancer cells. (Coradeghini et al. 2006)

Overall, alterations to nuclear lamin levels are well documented across a broad range of
cancers and correlations with poor prognosis suggest a relation between the nuclear lamina
and cancer progression.

Implications of nuclear lamin alterations for nuclear morphology

Nuclear morphological irregularities encompass a broad collection of alterations in the
otherwise smooth surface of the nucleus, including grooves, dents, polylobulated nuclei (that
is, nuclei with multiple lobes), a crushed appearance, budding, fragmentation, thickened
contours, and folds (Fischer 2020; Dey 2010). Nuclear morphology in mammalian cells is
determined primarily through a balance between mechanical forces generated by cells on

the nuclear surface, and balancing mechanical stresses that develop in the nuclear lamina
and chromatin (reviewed by us in Ref. (Lele et al. 2018)). Nuclear shape may be altered in
cancer due to changes in cellular forces on the nucleus and/or changes in the mechanical
stiffness of the nuclear lamina or chromatin.

There is contrasting evidence on whether lamin A/C downregulation causes abnormal
nuclear morphologies. Lamin A/C knockdown did not result in abnormal nuclear contours
in human mammary epithelial cells (Tamashunas et al. 2020). In contrast, lamin A/C
knockdown in primary human ovarian surface epithelial (HOSE) cells results in abnormal
nuclear shapes and aneuploidy (Capo-Chichi et al. 2016; Capo-chichi et al. 2011a). Overall,
alterations to lamin A/C may cause nuclear morphological alterations in some cell types but
not others.

Nuclear lamins are important determinants of the mechanical stiffness of the nucleus
(Pajerowski et al. 2007; Neelam et al. 2015; Dahl et al. 2004; Stephens et al. 2018), which
might contribute to alterations in nuclear morphology (Davidson and Lammerding 2014).
Alternatively, reduced lamin A/C expression may promote mitotic failure and the consequent
development of abnormally shaped aneuploid nuclei (Smith et al. 2018).

In cultured cells, depletion of lamin B1 is known to promote blebbing in the nuclear
envelope (Lammerding et al. 2004; Hatch and Hetzer 2016). Compression of the nucleus
in spread cells by the overlaying F-actin cortex results in a nuclear pressure. When the
nuclear lamina is weakened, the envelope delaminates from the lamina and blebs, similar
to how blebs develop in the cellular plasma membrane upon delamination from the F-actin
cortex. Nuclear blebs can rupture, mixing cytoplasmic and nucleoplasmic contents, leading
to DNA damage (Denais et al. 2016). Cancer cells with ruptured nuclei can migrate more
invasively (de Freitas Nader et al. 2021); thus alterations to nuclear lamins may promote
cancer progression by promoting nuclear ruptures.
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Chromatin regulators and nuclear morphology in cancer

In general, chromatin has two types — tightly packed, compacted heterochromatin
inaccessible for transcription, and loosely packed euchromatin, which is transcriptionally
active. The main structural subunit of chromatin is the nucleosome, consisting of DNA
wound around a histone. Chromatin structure can be altered through post-translational
histone modifications, which affect histone-histone and histone-DNA interactions. The
most well-studied post-translational histone modifications include acetylation, methylation,
ubiquitination, and phosphorylation. Histone acetylation increases euchromatin content,
while histone methylation increases heterochromatin.

In diagnosing malignant nuclei, pathologists look not only for nuclear shape irregularities
but also for abnormalities in chromatin texture. Coarse chromatin texture has been observed
in papillary thyroid carcinoma (Fischer 2020), cervical cancer (Papanicolaou and Traut
1941), and bladder cancer (Bhatia et al. 2006). This abnormal chromatin texture is likely
caused by variation in heterochromatin distribution (Fischer 2020; Bhatia et al. 2006; Zink et
al. 2004).

Histone modifications and nuclear morphology.

Increasing euchromatin or decreasing heterochromatin by modifying histones induces
blebbing and nuclear contour irregularities (Stephens et al. 2018). The mechanism by
which chromatin state alters nuclear shape may be due to a mechanical softening of the
nucleus (Stephens et al. 2019). For example, treatment of cells with histone deacetylase
inhibitors and histone methyltransferase inhibitors to increase euchromatin and decrease
heterochromatin, respectively, in mouse embryonic fibroblasts (MEFs) and in human cancer
cell lines caused nuclei to become softer (Stephens et al. 2018). The soft nuclei were

prone to blebbing. The changes occurred independently of alterations to lamin A/C and
lamin B1 in MEFs. Conversely, MEFs treated with histone demethylase inhibitors increased
heterochromatin content, stiffened nuclei, and reduced blebbing. Likewise, inhibiting histone
demethylases also normalized irregular nuclear shapes in Hutchinson-Gilford progeria
syndrome (HGPS) patient-derived fibroblasts by increasing nuclear stiffness.

Dysregulation of histone-modifying enzymes may alter nuclear size and shape in human
cancer tissue. For example, overexpression of histone acetyltransferase p300 in prostate
cancer correlates with poor survival rates (Debes et al. 2003) and is implicated in cancer
progression (Debes et al. 2002). Transfection of histone acetyltransferase p300 into prostate
cancer cells grown in culture increases nuclear size (Debes et al. 2005).

Histones and histone-binding proteins.

Consistent with the above pharmacological studies, altered expression of histones or histone
binding proteins promotes nuclear shape irregularities. Knockdown of H1FO, a gene that
encodes linker histone H1.0, caused nuclear contour abnormalities in mammary epithelial
cells (Tamashunas et al. 2020). H1.0 levels are correlated with tumor differentiation

status, cancer cell sternness, and overall patient survival (Torres et al. 2016). Depletion

of macroH2A1 and macroH2A2 histone variants induced increases in nuclear size and
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abnormal nuclear morphology in mouse liver cells (Fu et al. 2015) and in human hepatoma
cells (Douet et al. 2017).

HMGNS5, a nucleosome-binding protein that reduces interactions between histone H1

and chromatin, is involved in chromatin decompaction (Rochman et al. 2009). HMGN5
overexpression in MEFs and thyroid epithelial cells results in decreased heterochromatin
content, lowered nuclear stiffness, and increased nuclear blebbing (Furusawa et al. 2015).
Overexpression of HMGNS in mice induced cardiac defects and cardiomyocytes featuring
enlarged, decompacted, and deformed nuclei with disrupted lamina /n vivo (Furusawa et
al. 2015). Depletion of HMGNZ2, a member of the same protein family as HMGNS5, also
resulted in nuclear contour irregularities in mammary epithelial cells (Tamashunas et al.
2020).

Chromatin binding proteins.

Oncogenes,

Perturbations to chromatin remodeling proteins and enzymes other than histones have
downstream effects which alter chromatin compaction and, subsequently, nuclear shape and
size. The Polycomb complexes transfer ubiquitin residues and recruit methyltransferases

to repress transcription (Richly et al. 2011). SUZ12, a Polycomb PRC2 complex subunit
that can repress genes via trimethylation of lysine 27 on histone H3 (H3K27me3), is
overexpressed in multiple cancer types (Lee et al. 2015; Li et al. 2012). SUZ12 knockdown
in mammary epithelial cells promoted irregular nuclear shape (Tamashunas et al. 2020).
Similarly, depletion of RING1B, a subunit of the Polycomb PRC1 complex, induces
increased nuclear area and hyperploidy in mouse embryonic stem cells (Boyle et al. 2020).

BRGL1 is a member of the SWI/SNF complex family, which includes ATP-dependent
chromatin remodeling enzymes that destabilize histone-DNA contacts on the nucleosome.
Knockdown of BRG1 in non-tumorigenic mammary epithelial cells promoted laminar
grooves and multilobed nuclei (Imbalzano et al. 2013). Histone protein 1 (HP1) was not
concentrated within these grooves, suggesting changes in chromatin compaction. Murine
fibroblasts, which express ATPase-deficient versions of BRG1 increase cell volume and
nuclear size (Hill et al. 2004).

DIDO1 knockdown in mammary epithelial cells caused irregular nuclear shapes
(Tamashunas et al. 2020). DIDO1 has a role as an epigenetic reader and can recognize
transcriptionally active H3K4me3 in a pH-dependent manner through the PHD finger

motif, common to multiple chromatin-interacting proteins (Tencer et al. 2017). Furthermore,
missense variants in DIDO1 have been implicated in hereditary colorectal cancer
(Thutkawkorapin et al. 2019), and deletions frequently occur in myeloproliferative
neoplasms on chromosome 20q where the encoding gene is located (Fltterer et al. 2005).

cancer-related genes, and nuclear morphology.

Mutations in cancer-associated genes such as TP53 and RET/PTC are also associated with
alterations to nuclear morphology.

TP53 is a well-studied cancer-associated gene that encodes the transcription factor p53,
which serves a tumor suppressor function, protecting cells from unregulated proliferation.
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p53 mutations are observed in over 90% of uterine carcinomas and ovarian serous
cystadenomas (Berchuck et al. 1994; Salani et al. 2008) as well as over 30% of breast
cancers (Grossman et al. 2016). p53 positivity in breast cancer tissue correlated with the
standard deviation of the nuclear shape factor used to assess nuclear shape irregularities
(Friedrich et al. 1997). Mutations in p53 cause a loss of control over proliferation, which
may lead to transmission of nuclear shape defects from mother to daughter cells as well
(Tocco et al. 2018). In melanoma, p53 positive cells have increased nuclear size (Talve et
al. 1996) and increased circularity (Mijovic et al. 2013), suggesting that p53 positivity may
have mixed effects on nuclear shape in different tissue types. Increased p53 expression and
decreased expression of p16INK4a, a regulator of tumor suppressor Rb, also correlated with
increased nuclear size in lung cancer cells and adenocarcinomas (Okudela 2014).

p53 knockdown and expression /n vitro also has varying effects on nuclear shape, depending
on the cell culture system studied. p53 knockdown induced nuclear shape abnormalities in
human breast epithelial cells (Tamashunas et al. 2020) and nuclear blebbing and nuclear
envelope rupture in human retinal pigment epithelial cells due to nuclear enlargement (Yang
et al. 2017). Conversely, transfection of p53 into p53-deficient colon cancer cells caused
nuclei to become irregularly shaped (Yoon et al. 2019).

Proteins that interact with p53 may also cause abnormal nuclear shapes. For example,
NOP53 ribosome biogenesis factor (NOP53) is a p53-binding protein that localizes to
nucleoli and is involved in modulating DNA damage proteins using the MDM2-mediated
polyubiquitination pathway (Lee et al. 2012). Downregulation of NOP53 in human cervical
cancer cells led to chromosomal instabilities and multiple types of nuclear irregularities
like enlarged nuclei, nuclear bud formation, micronucleation, and multinucleation (Lee et
al. 2020). Also, depletion of tumor protein p63, a transcription factor belonging to the p53
family, decreased lamin A/C and lamin B1 expression in basal keratinocytes and caused
irregular nuclear shape in mouse embryos. (Rapisarda et al. 2017)

Silencing of different cancer-associated genes can cause nuclear morphological changes in
cultured cells /n vitro. For example, knockdown of tumor suppressor Rb induced blebbing
and nuclear envelope rupture in human retinal pigment epithelial cells (Yang et al. 2017).
Additionally, knockdown of AT-rich interactive domain 1A, or ARID1A, a tumor suppressor
gene reported in various cancers, led to increases in the nuclear area and the invasion
capability and chemoresistance in canine kidney renal cells (Somsuan et al. 2019). AT-rich
interactive domain 4A, or ARID4A, knockdown also induced nuclear shape irregularities in
human mammary epithelial cells (Tamashunas et al. 2020). Loss of transcription factor
GATAG is commonly observed in ovarian cancer. GATA6 knockdown in HOSE cells
increased nuclear size and caused nuclear shape abnormalities and aneuploidy (Capo-chichi
et al. 2009). Mutation of the RET gene results in a chimeric oncogene commonly found in
papillary thyroid carcinoma called RET/PTC (Nikiforov 2002). Microinjection of normal
human thyroid epithelial cells with RET/PTC induced nuclear envelope irregularities
(Fischer et al. 2003). These nuclear shape abnormalities developed within hours before

cell division could occur. Therefore, RET/PTC-induced nuclear shape irregularities can arise
without post-mitotic nuclear envelope assembly. The mechanism through which RET/PTC
induces nuclear shape abnormalities remains unclear.
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Nuclear membrane proteins

Inner nuclear membrane proteins.

Inner nuclear membrane (INM) proteins such as LAP1, LEM domain proteins (LAP2,

emerin, and Manl), and lamin B receptor (LBR) bind to lamins and tether chromatin to
the nuclear periphery (Schreiner et al. 2015; Castro-Obregon 2020). Dysregulation of INM

proteins is associated with changes in chromatin compaction, nuclear shape abnormalities,
and changes in nuclear size. Emerin is downregulated in some cancer tissues, such as
ovarian cancer (Capo-chichi et al. 2009). Loss of emerin led to nuclear shape abnormalities
in human embryonic kidney cells (Kituyi and Edkins 2018). Increased LBR expression,
observed in aggressive breast cancer tissues (Wazir et al. 2013), induced invagination of
the nuclear envelope (Ellenberg et al. 1997; Ma et al. 2007). LBR mutations are present

in the Pelger-Huet anomaly, a genetic condition that causes the formation of multilobed,
hypo-segmented nuclei in white blood cells (Gravemann et al. 2010). Disruption of other
tethering proteins may also affect the nuclear shape. Depletion of PRR14, which tethers
heterochromatin to the nuclear lamina, resulted in the loss of peripheral heterochromatin,
multinucleation, and abnormal nuclear contours (Poleshko et al. 2013).

Nucleoporins and nucleocytoplasmic transport.

Changes to nucleocytoplasmic transport can also impact nuclear shape. Knockdown of
nuclear import protein karyopherin alpha 7 (KPNA7) caused lobulation and elongation of
nuclei in multiple cancer cell lines, illustrating how dysregulation of nuclear transport may
also affect nuclear shape (Vuorinen et al. 2018). Depletion of nucleophosmin, a transport
protein that shuttles between the nucleus and cytoplasm, induced nuclear shape defects in
cervical cancer cells (Amin et al. 2008). Nuclear shape abnormalities were also induced

in cervical cancer cells via depletion of NUP53 (Hawryluk-Gara et al. 2005), NUP98
(Fahrenkrog et al. 2016), and NUP153 (Zhou and Panteé 2010). Overexpression of Nup136,
a plant-specific nucleoporin, increased nuclear size in Arabidopsis thaliana (Tamura et al.
2010), and depletion of Nup199 increased nuclear size in Xenopus egg extract (Theerthagiri
et al. 2010).

TMEM170A is a transmembrane protein that localizes to the endoplasmic reticulum and
nuclear envelope membranes. Knockdown of TMEMZ170A in cervical cancer cells increases
the nuclear size and nuclear shape irregularities, likely due to the involvement of this protein
in nuclear envelope assembly and nucleoporin complex formation (Christodoulou et al.
2016).

Cytoskeletal forces

Stresses generated in actomyosin stress fibers that indent the apical nuclear surface in
cultured cervical cancer cells indent the nucleus and fragment them, resulting in nuclear
shape abnormalities (Takaki et al. 2017). Consistent with a role for actomyosin stresses,
blocking contractility rescued abnormal nuclear shapes in xenografts in vivo.

Alterations to microtubules or microtubule-associated proteins can also impact nuclear
shapes (Kaufmann et al. 2016). For example, depletion or overexpression of the
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microtubule-binding protein SIRT2 in osteosarcoma cells caused defects in nuclear envelope
assembly, resulting in abnormal nuclei. Mislocalization of microtubules can promote
nuclear lobulations due to defective post-mitotic nuclear envelope reassembly in Hela

cells (Kawaguchi et al. 2015). Depletion of REEP3 and REEP4, endoplasmic reticulum
proteins which bind microtubules to the nuclear membrane, cause nuclear envelope defects
in Hela cells (Schlaitz et al. 2013). Depletion of chromatin-binding protein developmental
pluripotency-associated 2 in Xenopus egg extract results in excess microtubules leading to
abnormal morphologies post-mitosis (Xue et al. 2013).

Depolymerization of microtubules rescued nuclear shape abnormalities in lamin A/C-
depleted human osteosarcoma cells and HGPS patient-derived cells but also caused
noticeable cell rounding (Larrieu et al. 2014). Thus microtubule disruption may impact
nuclear shape through indirect effects on cell shape. We have recently proposed the concept
that the overall shape of the nucleus is a cumulative result of changes in the nuclear shape
caused by dynamic changes to the shape of cells (Lele et al. 2018; Tocco et al. 2018;

Li et al. 2015). In this mechanism, the resistance of cytoskeletal structures between the
nuclear surface and the cell boundary to expansion or contraction results in stress on the
nuclear surface (Lele et al. 2018; Li et al. 2015). The change in the space between the
nuclear surface and the cell boundary can occur, for example, when cell protrusions form

or the cell membrane retracts in motile cells. In support of this concept, nuclear contour
abnormalities in cultured MDA-MB-231 breast cancer cells became amplified by the process
of cell spreading (Tocco et al. 2018). Consistent with the notion that moving cell boundaries
exert a force on the nucleus, cell membrane protrusions were observed to give rise to nuclear
protrusions in MDA-MB-231 cells (Kent et al. 2019). Others have similarly observed that
cytoskeletal remodeling modifies the stresses on the nuclear surface, as evident in dynamic
fluctuations observed in the nuclear envelope in cultured cells (Schreiner et al. 2015; Chu et
al. 2017).

Linker to nucleus and cytoskeleton complex.

The linker to nucleus and cytoskeleton (LINC) complex includes nesprin proteins, which
are localized to the outer nuclear membrane and bind to SUN1 and SUN2 proteins
localized in the inner nuclear membrane (Figure 1c). SUN proteins, in turn, bind to the
nuclear lamina. Thus, the LINC (Linker to Nucleus and Cytoskeleton) complex provides a
physical connection between the nucleus and the cytoskeleton, allowing the transmission of
mechanical force to the nuclear surface (Lombardi and Lammerding 2011).

Mutations and abnormal expression of LINC complex proteins have been implicated in
cancer. SUN1 and SUNZ2, and nesprins are downregulated in breast cancer tissue and
cells lines (Matsumoto et al. 2015). Nesprins are also downregulated in colorectal cancer
(Sjoblom et al. 2006), and nesprin mutations are associated with increased invasiveness in
ovarian cancer (Doherty et al. 2010).

Knockdown of nesprins 1 and 2 induced irregular nuclear shape and increased nuclear
area in murine myoblasts (Zhang et al. 2007a) and human endothelial cells (King et al.
2014). Both enlarged and misshapen nuclei in fibroblasts were observed in mice lacking the
actin-binding domain of nesprin-2 (nesprin-2DeltaABD) (Like et al. 2008). Overexpression
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of nesprin-2 mini, a construct of ABD and KASH domain decreased nuclear size in

human keratinocyte cells (Lu et al. 2012). In contrast, overexpression of Nesprin-2 ABD or
Nesprin-2 C-terminal KASH domain increased nuclear size in the same cell type. Abnormal
nuclear morphology in murine myoblasts was induced by the expression of mutant nesprin-1
(Zhou et al. 2017) and expression of a SUN1 mutant (Meinke et al. 2014). SUN1/2 depletion
induced nuclear lobulations in rat mammary adenocarcinoma cells (Sharma et al. 2021) and
human cervical cancer cells (Liu et al. 2007). Abnormal expression of torsinA, an ATPase
present in the endoplasmic reticulum which interacts with the LINC complex, induces
nuclear blebbing in cervical cancer cells (Laudermilch et al. 2016; Vander Heyden et al.
2009) and osteosarcoma cells. These findings suggest that alterations to LINC complex
proteins may destabilize nuclear morphology and size, potentially through modulation of
cytoskeletal stress on the nuclear surface.

Conclusions

Nuclear size and shape abnormalities are recognized as hallmarks of cancer. The
mechanisms underlying these changes are complex, depend on cancer type, and are
surprisingly understudied even though the first report of nuclear abnormalities in cancer was
more than 150 years ago. Nuclear size changes in cancer have been attributed primarily to
aneuploidy, but alterations to osmatic coupling with the cytoplasm and nucleo-cytoplasmic
transport may contribute. Nuclear shape abnormalities can be caused by alterations to a
large number of individual genes that are typically found in cancer. Mechanistically, these
alterations may promote nuclear contour irregularities through a mechanical softening of the
nucleus either due to a depletion of specific nuclear lamins, the decompaction of chromatin
or the assembly of an abnormal nuclear envelope postmitosis. Increased cytoskeletal stress
acting on the cancer nucleus due to contractile actomyosin stress fibers or due to the process
of cell spreading can further magnify nuclear abnormalities. Thus, although mutations in

or downregulation of a large number of genes can give rise to nuclear abnormalities, the
number of distinct mechanisms by which the abnormalities arise is much smaller.

Virtually no studies exist on pharmacological targeting of nuclear shape and size
abnormalities. Given the ubiquity of nuclear abnormalities in cancer, there is a high potential
for developing new therapeutic strategies to target them and potentially regularize not

only nuclear morphology but also associated cellular structural abnormalities and cellular
dysfunction.
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Figure 1.

a) Schematic of a normal nucleus. The nucleus is enclosed by the nuclear envelope

(pink), which consists of an inner and outer lipid membrane. The inner membrane is

studded with numerous proteins including LEM domain proteins such as emerin (light
green). Other protein complexes span both the inner and outer membranes, including

nuclear pore complexes (purple), which facilitate nucleocytoplasmic transport, and the LINC
complex, comprised of SUN1/2 (red) and nesprins/KASH proteins (orange), which transmits
mechanical force from the cytoskeleton to the nucleus. The lamina (dark green), a fibrillar
mesh network, provides structure and support to the nucleus. Peripheral heterochromatin
(dark blue regions) that is compacted and less accessible for transcription is anchored to the
nuclear lamina. Euchromatin (light blue regions) are less compacted and more accessible

for transcription. Normal cells usually have two to three nucleoli (dark blue circles),
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providing sites for ribosome assembly. b) Schematic of a cancerous nucleus and examples
of changes to nuclear structure and organization, as observed in human samples, which
may contribute to abnormalities in size and shape. Cancerous nuclei in many tissue types
exhibit downregulation of a number of proteins including emerin, SUN1/2, and nesprins.
In contrast, nucleoporins may be upregulated. Different cancer types are characterized

by abnormal expression of nuclear lamins. Finally, chromatin organization is also often
disrupted in nuclei of cancerous cells. ¢) A schematic of a cross-section of the nuclear
envelope. Shown in greater detail is the structure of the LINC complex. Two SUN trimers
and three KASH dimers interact via SUN-KASH 6:6 complexes which serve as nodes for
force transduction and distribution (Gurusaran and Davies 2021).
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