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ABSTRACT

Nuclear deformation is a central challenge for migration of cells through confined spaces in the
tissue interstitium. In this paper, we review studies on the mechanical roles of the nucleus in
confined cell migration. We focus on mechanical force generation by the cytoskeleton on the
nuclear surface, the properties of sub-nuclear structures in the process, and functional responses of
the nucleus in response to mechanical forces, all in the context of confined cell migration. An
emerging theme is that the nucleus acts not only as a barrier for confined migration, but also as a
mechanoresponsive organelle whose deformation feeds back to modify cell
Deciphering these complex processes will be key to understanding how cells navigate complex

tissues in development, immunity, and cancer.

Introduction

Cell migration is crucial in development [1], tissue
repair [2], and immune response [3]. Cell migra-
tion is also a necessary first step for the metastatic
spread of cancer [4,5]. In vivo, mammalian cell
migration typically occurs within crowded, confin-
ing interstitial tissue spaces as narrow as 1-10 um
[6]. Our understanding of how cells navigate these
physical constraints remains limited because most
studies of cell migration have focused on uncon-
fined migration. Confined migration uniquely
requires the nucleus to deform, as typical nuclear
sizes (10—15 pum) exceed the size of narrow con-
strictions in tissue interstitium. Indeed, the defor-
mation of the nucleus has been found to limit cell
migration through constrictions [7,8]. As a result,
studies have increasingly focused on the role of the
nucleus in controlling cell migration in confine-
ment. Deformation of the nucleus involves active
mechanical force generation on the nuclear surface
by the cytoskeleton (reviewed in [9,10]). These
forces are balanced by mechanical stresses in intra-
nuclear structures like chromatin and nuclear
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behaviors.

lamina. As such, there is considerable interest in
literature in understanding the sources of mechan-
ical force on the nuclear surface, the molecular
transmitters of cytoskeletal force onto the nuclear
surface, and the mechanical properties of nuclear
components that resist these forces.

Furthermore, emerging studies have shown that
nuclear deformation, by itself, may modulate
nuclear transport, cause chromatin reorganization,
and alter gene expression [11-15]. Deformation
during migration can result in nuclear envelope
rupture which can cause DNA damage, promote
genome instability as well as promote invasive
migration [16—18]. Thus, in addition to enabling
cell migration through narrow constrictions,
mechanical deformation of the nucleus may also
feedback to regulate cellular processes and contri-
bute to pathologies. Such adaptive processes are
emerging as an exciting and under-recognized fea-
ture in nuclear mechanobiology.

Finally, the nucleus plays an important role in
mammalian cell migration as a mechanical scaf-
fold, even in non-confining contexts. The nucleus
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is typically positioned just rearward of the cell
centroid of a motile cell such as a fibroblast [19—
22]. The motile cell continually changes its shape
as new lamellipodia form, and the trailing edge
detaches. This results in a dynamic force balance
on the nuclear surface [23]. Given its large size, the
nucleus can act as an intracellular scaffold that
transmits these forces across the cell [22,24].
Disrupting force transfer to the nuclear surface
can disrupt cell migration even in unconfined
environments. Furthermore, nuclear positioning
by itself plays a definitive role in the process of
development [21,25-27]. As such, the nucleus has
diverse, context-specific, mechanical functions that
deserve deeper study.

Here, we review studies that have focused on
the mechanical roles of the nucleus in confined
cell migration. We focus on mechanical force gen-
eration by the cytoskeleton on the nuclear surface,
the properties of sub-nuclear structures in the
process, and functional responses of the nucleus
in response to mechanical forces, all in the context
of confined cell migration.

Lamin A/C limits migration through
confinement

The nuclear lamina, a 15 nm thick meshwork of
type-V intermediate filament lamin proteins that
underlie the nuclear envelope [28,29], is a major
determinant of nuclear resistance to mechanical
deformation [8,30—38]. Unsurprisingly, cells with
reduced levels of lamin A/C, a key structural com-
ponent of the lamina, are able to pass through
constrictions more easily than control cells [39].
For example, MDA-468 breast cancer cells with
low levels of lamin A/C migrate faster compared
to controls (transit times of 100 min for cells with
reduced lamin levels versus 150 min for control) in
1 or 2 um wide and 5 pm high constrictions [40].
The difference disappears in wider channels, high-
lighting that lamin A/C modulates migration spe-
cifically in confined spaces.

This effect appears to be general, because simi-
lar effects of lamin A/C depletion on confining
cell migration have also been observed in mouse
embryonic fibroblasts (MEFs) [8], glioblastoma-
derived U251 cells, lung carcinoma-derived A549
cells and mesenchymal stem cells (MSCs) [41],

HO-8910 ovarian cancer cells [42] as well as
immune cells such as granulocytes and mono-
cytes derived from human hematopoietic stem/
progenitor cell cultures [43]. A summary of
these and other studies, including the cell types,
migration environments, constriction sizes,
migration speeds, lamin A/C dependence, and
nuclear envelope rupture incidence, is provided
in Table 1. Likewise, exogenous expression of
lamin A/C in cells lines with low levels of lamin
A/C results in higher transit times through con-
strictions [41]. This has been shown for cancer
cell lines (BT-549, MDA-MB-231 breast carci-
noma cells, HO-8910 PM ovarian cancer, and
HT1080 fibrosarcoma cells) [40,42,44] as well as
neutrophil like HL-60 cells [45,46]. Also, phos-
phorylation of nuclear lamin A/C at serine 22 and
serine 392 residues, which induces softening of
the nucleus, promotes migration of MDA-MB
-231 cells through pores in a Transwell migration
assay [47].

Consistent with the idea that the mechanical
properties of lamins are responsible for these
effects, expression of progerin — a shortened, per-
manently farnesylated laminA variant missing 50
amino acids near it's C-terminus due to aberrant
splicing of LMNA transcript and linked to
Hutchinson-Gilford progeria syndrome — stiffens
the nucleus [48] and prevents migration through
micro-posts spaced 6 um apart, despite exhibiting
normal migration in unconfined environments
[49]. Some studies suggest that the ratio of lamin
A to lamin B levels is important in determining
the migratory response of cells in confinement.
A549 cells and MSCs, in which this ratio is more
than 1, migrate through 3 um pore Transwell fil-
ters to a lesser extent than U251 cells, in which the
ratio is less than 1 [41].

The taut nuclear lamina mechanically
impedes confined cell migration

As lamin A/C depletion causes a softening of the
entire nucleus [31,37], the energetic cost of
mechanically deforming the whole nucleus to fit
into constrictions will be lower in lamin A/C
depleted cells compared to controls. Cells with
stiffer, lamin A/C containing nuclei are predicted
to be impeded in migration through confinement,



NUCLEUS (&) 3

(panupuo))
s1se|qoiqy
[09] - S9A ulw ST~ LM 6xGT Jo ,wr gxg . wrl gxg ‘wr gxg 9IA3Q DIPINJJODIN UBIS 5|29 BWOISe|qOlD ‘JIN ‘ELE HIN
[65] SOA SIA - L zxg Jo jwr zxg ‘wr /xg 921A8Q JPIN|JODIN 43N ‘A3H ‘080TLH
Lwr 0TX0T
[8s] - - - Jo ,wn oTXQT ‘,wr QTXg ‘;wn QTXE 921A3Q 2IPINJJODIA JSY ‘TEC-GN-VAIN
[£4] SOA - - Lwr €xog 4o wrl €xoT 921A9Q IPIN|JODIN SOH ‘080T1H
Lwrl oTx0g Jo ,wr oTX0Z
[95] - - - ‘zwr oTX0T ‘;wrl oTX9 ‘;wr OTXE 921A8Q JPIN|JODIN 6261 ‘TET-9N-VAN ‘SOSW
L 6TXgg Jo wr 6TX0T
‘swr 6TXST
‘wr 6TX¢T
(yuapuadsp wr 6TX0T S9I3IARI0IDIW
9ZIS UOIDMISUO)) \NEz 6TX8 l1eqquinp
[ss] - - Jy/wr op-Gz~ wr 6T/ ,wrl gTxpy yum sjp80IpAH TEZ-AN-YAN
SP|044eds
snoiqljoueN
Iy wrl oST. pue
[esl - SOA - salod wrl g 4o G ‘¢ [l3msuel| JSIN 24N
[0s] - SOA - salod wrl ¢ |lomsues| 080TLH
$310d wrl € ||]emsuels]pue
[Lv] - S9A Jy/wr GT-0T~ salod wrl gz~ 9oL U9Se||0) 080T.1H ‘TEC-AN-VAWN
||]omsues |
salod wrl g o ¢ pue
[sv] - SOA SW OT~ sjauueyd apim wrl g 921A3Q PIN|JODIN 09-1H
salod wrl /.,
(uapuadap L £rexgTT Jo wn £'exg0T ,wr £'exg'6 ‘wml L'EXT'6 saole|N uade|0)
9IS UOIIDLISUO)) wr zexyg Lwn £rexg s w zexers wr £'exgrg i £1exg's ‘ wnd pue
[w¥] - SOA uiw/wn z-1°0~ LexT's wr zexpy wr fexe wn £exgr w £exgg wr £'ex/ T 91A8Q dIpInjjodiN TONA4l ‘080T1H ‘TEZ-9N-VAN ‘STTV
[ev] - SOA - sai0d wrl g Jo g ‘s ||oMmsues ] s|[92 213210dolewWwaH
[ev] - SOA - salod wr g 1o € [[3msuesL INdOT68-OH ‘0168-OH
[Tt] - SOA - salod wrl g Jo € |lamsues| JSIN ‘TSZN ‘6YSY
aLvl ‘vLy-19 ‘6¥S-19 ‘0L20H
[ov] - S9A uiw 00Z-00T~ L 6xgT Jo jwr gxz ‘,wr 6xT 921A8Q IPIN|JODIN ‘EYENS ‘L4 ‘89Y-VAN ‘TET-VAW
(8uiuyuoa-uou)
slaquieyd paj|i-uasde||0d Supauuod sajed paseds Ajen3al Nc.i 0SX0T wod'S1DA0T4DIN
[81] SOA - - ysiy wrl v ‘e 'z 921A3Q IPIN|JOIN ‘TET-9N-VAN ‘VOT4ON ‘T3dY
SaJlle Cwmm__ou
salod ,wr g1-T Jo ,wr oz- ‘,wn 0ST-0§ pue
[£T] SOA - - LM GxGT Jo jwrl gxz ‘wr oxT 90IA3Q DIPINPYODIAN SOZN ‘VOT4OW ‘080TLH ‘TET-AN-VAN
8] - SaA ulw 0%Z-0LT~ LM GxGT Jo wrl gxg . wr gxg ‘ wr gxg 321A3Q 2IPIN|JOIIA €L€ HIN 43N
(uspuadsp
uo|3eJ3uau0)
uagde||0)) salod wrl g0 Jo ‘T ‘€' ||loMmsues] pue NINd
[£] - - ulw/wn Z1-0 salod w9 saouleN UaSe|j0)  uewny ‘sise|g-1 ‘TEZ-GN-VAIN ‘080TLH
2Jud949y aunidny dduapuadag paads uonessiy 10 (3YB19H X YapIM 10 32Is 340d) JusWuUOoIIAUT adAL 190

N

/v uiweq

awi] ysues)

9IS UOIPIIISUOD)

uonesSin

‘uofieJSIW pauluod uo SaIPNIS ‘T 3jgel



4 (&) H. PATELET AL

(panunuo))

[ezT] - SOA Jy/wm 08-Z~ - s|9804pAH a3euis|y IS
[teT] s/wrl §'0-€0 L TTx0T 4o ,wr Trxz ‘,wrd T1Xg ‘,wr T 921A3Q 2IPIN|JODIIA TEC-AN-VAN
[811] - - - LM GxGT o jwr gxz 921A3Q 2IPIN|JODIA TEC-AN-VAN
[£1T] SOA - - salod wrl g 1o € |lomsues| 6¥SY ‘v23 ‘sozn
s2o11e|\ uade||0)
ulw/wr 10~ salod ,wrl /7-¥ ~ pue
[91T] SOA - paadsulw 0ZT-0L~ LM GxGT o jwr gxz ‘wr oxT 921A3Q 2IPIN|JODIA T-3dY ‘080TLH ‘6¥S-19 ‘TET-AN-VAN
[eTT] - SOA - saiod wrl g7 pue g [l3msuesL TET-AN-VAN ‘SLEV
sadljew
19804pAy paseq
salod ,wr §'1s -uade||jod ggpue 080T-1H ‘T€T
[tT1] SIA - - Lw oTxe Jo wr exQT ‘,wrl OTX0T 921A3Q JPINPJODIA -AIN-VAIN ‘SISe|qoIql4 ewtag uewny
[60T] SOA - - ssefjid ysiy w ¢y siefjidosoIN e13H ‘sozn
(quspuadsp
92IS UOI1ILIISUO)) S|auuey) s|iydosnau
[66] SOA SOA UlW 7Z-6~ Lwr gpxz Jo wr gpxg ‘wr pxy L wn pxe ‘L wr gexz ‘wr exgT ‘L wrl gxT INJOIIIN PaALIBP-09TH ‘S|[2D d1pusg
[86] SOA - - ,r 6xGT Jo Lwr gxg wrl gxe ‘wr gxg 90IA3Q 2IPINJOLIN €LE HIN
[v6l] SOA - - salod wrl g Jo € [lamsues| SOSIN ‘6VSY ‘SOZN
[16] - - ulw 05-GZ~ L 6xgT Jo jwr gxz ‘,wr 6xT 921A3Q 2IPIN|JODIA 43N ‘080TLH ‘TEZ-9N-VAN
(uonouysuod)
ulw/wr 60°0~ eIl E]e]
(uoiseaur) Ja3pwelp wn gz 2IPINJJOIN pue
[06] - SA utw/wn G°0-€°0 ~ douesip Je||uquaul wrl z'y. Jo wnl €7 o Xuje uage|jod ‘080T1H ‘TET-AN-VAIN
[68] - - - LM GxGT o jwr gxg . wn gxg ‘ wr gxg 221A2Q 2IPIN|JOIA 43N
[€8] - - ulw 0ST~ ,r 6xGT Jo Lwr gxg wrl gxe ‘wr gxg 90IA3Q 2IPINONIN €LE HIN 43N
S92UIBN PaAlRQ 44H ‘s91Ad04puoyd
[64] - - Jy/wr op ~ - |1I90 pue uade|j0) pue sise|qoJqyoAw [euisajul uewny
SVLIBN PaAALIdQ 44H ‘8T-1IN-NS
[84] - - Jy/wr ge-gT. - 192 pue uage|j0) ‘6¥SV ‘TET-AN-VAIN ¥89IMS ‘080TLIH
SadlileN cwmm__ou
pue
[69] - - - salod wrl g 4o G ‘¢ [l3msues L TET-9N-VAN “19d ‘¥esuns
Sadlile cwmmw__ou
salod ,wr /7-¥ ~ pue
[89] SOA - ulw 00T~ LM 6xGT Jo jwr gxz ‘,wr 6xT 921A3Q JPIN|JODIN TEZ-9N-YAN ‘080TLH
[L9] - - - salod wrl g [[3msues L JSNg
$9.10d wn C0F LS
[99] - - - lowrzoFeEL s9oLIe|\ U9Se||0D VOT-40 ‘Z-4DN ‘TET-9N-VAN
[19] - - Jy/wr 05~ ,wn oTXQT Jo ,wr OTXG'€ 921A8Q JPIN|JODIN VOT-40N ‘6STINNS ‘TEZ-9N-YAW
20uUd49j9y a4nidny dduapuadag paads uonessiy Jo (3yS19H X Yapim 1o 3zis aiod) Juswuo4iAug adAL 1190
IN J/v ulweq awli] ysues] 9ZIS UOoIdLIISuU0) uonesSin

(panuiuo)) ‘T 3jqeL



NUCLEUS (&) 5

[9gT] S3A - - saiod wr g Jo ¢ [lPMsuelL 6YSV ‘TSZN ‘SOz
[seT] SoA - uiw 09~ L 6xgT o jwr gxz ‘,wr 6xT 921A8Q JPIN|JODIN 6v5-19 ‘080T1H ‘6vSV
BIESRNEINETRNREETENS
[veT] SOA - - s940d wrl g Jo € ||lemsueld] Aewnd uewnH ‘SOSIAY ‘O€YY ‘2TID
LW 0TX0S
Jo ,wnt oTX0Z
[eeT] - - Jy/wm y/-0¢~ ‘zwr oTXQT ‘;wrl oTX9 ‘;wrl OTXE 921A3Q 2IPIN|JOIN VOT4OW ‘TET-9N-VAIN ‘L4 ‘SOH
Lwr 01x0g
Jo ,wrl gxg 92I1A3Q
[eeT] - - dy/wr 91 ‘zwr oTxg [auueY20.IN 6£8CHD ‘TEC-AN-VYAW ‘08TS
syse|qouquy
s2o11e\ uade||0) SSIMS €1€ ‘(SNINd) S1Ad03Nn3|
salod wr 6-T pue iespnuoydiowAjod poojq |esaydiad
[T€T] - SOA - L pxg o jwr pxp L wrl pxe ‘L wn pxg 921A3Q 2IPIN|JOIN uewny ‘s||92 | ‘s||a3 anpusq
[o€T] SIA - - saiod wrl g-¢ [[BMsuelL 6¥SV ‘TTI2D 'SOZN
[6zT] - - Jy/wr gg Lwn 0TX0g Jo ‘,wr oTX0g ‘;wr OTXQT ‘,w OTX9 ‘,wr OTXE 921A3Q IPIN|JOIN SOH ‘€J0Bd ‘066TMS ‘TEZ-GN-VAN
(yuspuadap Ausoasia 6STIANS JINSOVY
pinjy Jejnjjaes1x3) ‘s1se|qo.qly [ewlap ‘€6ZNIH ‘L8N
[8zT] - - Jy/wrl 00T-0S~ L oTXQT Jo ,wr QTXG'€ 921A3Q JPINJODIA - ‘SOH ‘TG TEZ-GN-VAW ‘TEC-AIN-VYAIN
“(VDIN3H)
(uspuadap ssauyns Aeuse jpuueydoiw
pue 3zIS UoI3d1IISU0D) paie|nsdeoud
[zeT] - - Jy/wr 00T-0V~ LM 0TX09-~ -19801pAH TEVY ‘6STINNS ‘TEZ-GN-VAIN
s|98 ajeuidje
pue uade|0)
‘(VDIN3H)
Aeuse [auueydosoiw
pale|nsdedua
Lwr exg Jo wr x0T -19804pAH 96T
[9zT] SOA - - L oT=QT 40w gxQT ‘,wn gxg ‘@1A9Q JPINIJODIA -D¥8 ‘SOH ‘TEYY ‘TEZ-AN-VAN ‘080TLH
2JuUd4949y aunidny ddouapuadag paads uonessiy 10 (3yS19H X Yapim Jo 3zis aiod) jJuswuo4iAug adAl 190

aN 3/v ulweq awi] ysues|

921 UOIPIIISUO)

uonessin

‘(panunuod) T 3jqeL



6 (&) H.PATEL ET AL

while cells with softer nuclei are predicted to pass
through more easily. Thus, the nuclear lamina is
thought to mechanically impede cell migration
through confinement by limiting nuclear deforma-
tion [50-52], rather than through influences on
the cell migration machinery itself.

Mechanical deformation of a spherical nucleus
at constant volume would require an increase in
the nuclear surface area because the sphere has
the smallest surface area for a given volume.
Consequently, compressing or elongating the
sphere can only occur if the nuclear lamina
stretches to accommodate the additional surface
area. However, the lamina is likely too stiff to be
significantly stretched by cellular forces [53,54].
How then are cells able to deform the nucleus to
fit into the constriction? One possibility is that
nuclei shrink in volume as they migrate into
confinement, as reported in MDA-MB-231 breast
cancer cells [55] and L929 fibroblasts [56], but
others have observed an increase in nuclear
volume in confinement in HT1080 fibrosarcoma
cells [57] and MDA-MB-231 cells [58]. Nuclei in
HT1080 cells and HEY ovarian cancer cells
maintain constant volume as they enter and exit
a constriction [59], and others also have reported
that nuclear volume remains constant during
mouse embryonic fibroblast migration in con-
strictions [60]. The nucleus has been reported
to change its volume typically in confinement
channels that are significantly longer than
nuclear and cell dimensions, which may induce
adaptive effects as the nucleus is forced into
confinement for long periods of time. For exam-
ple, sustained migration of MDA-MB-231 breast
cancer cells in confining channels of 200 um
length was accompanied by an increase in
nuclear volume [61]. In contrast, confinement
lengths of the order of the nuclear diameter
typically allow the nucleus to exit and enter in
relatively short times from 30 min to 1 hr, which
may not be long enough to induce secondary
adaptive effects on nuclear volume and/or sur-
face area. Both short confinement and long con-
finement likely model distinct aspects of
physiologically relevant confinement. Short con-
finement lengths are typical for cells that migrate
through discrete pores of the extracellular matrix
or when extravasating from the vasculature. Long

confinement may be more typical for cells that
migrate over extended distances such as during
collective cell migration along aligned collagen
fibers, neural crest migration, or leukocyte move-
ment, where the cellular environment imposes
sustained physical boundaries.

For a nucleus that obeys constraints of constant
surface area and volume during deformation [59],
only if sufficient excess laminar surface area is pre-
sent in the rounded shape of the nucleus — defined
as the laminar area more than that of a sphere with
the same volume — will the nucleus deform to fit
through narrow constrictions without changing its
volume or surface area (Figure 1A). The excess area
can be observed as wrinkles in the rounded shape of
the nucleus (Figure 1B) and develops when the
nuclear envelope and lamina assemble around non-
spherically packed chromosomes post-mitosis [62].
Narrowing of the shape of a wrinkled nucleus at
constant volume will cause an unwrinkling of the
lamina (Figure 1B). The greater the excess area, the
more the lamina can be unwrinkled, enabling more
extensive nuclear deformation and passage through
narrower constrictions. Consistent with the above
predictions, nuclei successfully entering constrictions
exhibit a higher excess laminar surface area com-
pared to excess area in the unconfined population.
This suggests that nuclei with insufficient excess area
are altogether excluded from the constrictions.

Depletion of lamin A/C is predicted to remove
the areal constraint altogether, as the lamina can
stretch and even tear in the absence of lamin A/C
[63]. Consistent with this, lamin A/C depletion
shifts the excess area distribution to higher values
in cells in constrictions [59]. Thus, excess area may
determine whether a given nucleus will fit into
a constriction or not (provided the nucleus
deforms at constant area and volume). This
explains how the nuclear lamina might mechani-
cally limit migration through confinement -
through a process of exclusion of low excess-area
containing cells.

Assuming the excess area mechanism
described above is valid, a geometric computa-
tional model [64] can be used to calculate the
nuclear shape with minimal surface area for
a given volume that fits into the constriction
[59] (Figure 2A). The predicted shapes recapitu-
late the observed hourglass shape of nuclei in
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Figure 1. Role of laminar excess area in excluding cells from constrictions. (A) (left) a sphere will not deform into the constriction
under the constraint of constant surface area and volume and will be excluded from it. (middle) excess area, visible as wrinkles in the
rounded shape, will allow the nucleus to deform at constant surface area and volume and fit into the constriction. (right) large
amount of excess area in the nucleus will allow the nucleus to deform and fit into narrower constrictions. (B) images of an HT-1080 cell
expressing GFP lamin A, overlaid on DIC images of the cell and constriction channel, as it migrates into a 3 um %7 um
constriction (right). The same nucleus is shown on the left before it enters the constriction. Modified from Mckee et al., Science
advances, DOI: http://doi.org/10.1126/sciadv.Ads6573, 2025, with permission from AAAS.

constrictions (compare with hourglass nuclear
shape in Figure 1B). Furthermore, the model
allows the calculation of a limiting area—volume
curve (solid black curve in Figure 2B). Nuclei
that are above this curve will pass through con-
strictions (green region in Figure 2B), while
those below it will be excluded from the con-
strictions (yellow region) unless they lose
volume or expand laminar area. This curve can
then be used to rationalize the different out-
comes that have been reported for nuclei in
constrictions, as indicated in Figure 2B. These
outcomes include rupture which reduces the
nuclear volume at constant area, stretching of
the surface area (which can occur in the absence
of lamin A/C), and blebbing, which reduces the
effective volume of the nucleus. All these out-
comes allow a nucleus with insufficient excess
area to transit the constriction.

Chromatin modifications alter migration
through confinement

Given that the nucleus appears to mechanically limit
confined migration, it is not surprising that chroma-
tin, which contributes to the resistance to deforma-
tion of the nucleus [32,65], may also play a role.
However, opposing effects of modifying chromatin
on confined migration have been reported.
Treatment of adult meniscal fibrochrondrocytes
(MFCs) with Trichostatin A (TSA), a histone deace-
tylase inhibitor which decondenses chromatin, pro-
moted cellular infiltration into dense fibrous tissues
[52]. Similarly, chromatin decondensation in MDA-
MB-231 or MCF-7 breast cancer cells resulted in
increased invasion depth in dense 3D collagen
matrices of ~5.7 micron pore size [66]. In contrast
to these studies, chromatin decondensation by TSA
treatment reduced bone-marrow derived mesenchy-
mal stem cell (BMSC) migration through 8 pum
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Figure 2. Explaining the varying outcomes for a nucleus in confined migration. (A) computational predictions of nuclear shapes with
minimum surface area for a given volume in constrictions of defined size. (B) schematic depicts different outcomes (volume loss due to
rupture or blebbing, and areal stretching) relative to the limiting area—volume curve (solid line) calculated using the computa-tional
model. Modified from Mckee et al., Science advances, DOI: http://doi.org/10.1126/sciadv.Ads6573, 2025, with permission from AAAS.

Transwell pores [67]. Likewise, treatment of HT1080
fibrosarcoma  cells  with  3-Deazaneplanocin
A (DZNep), a histone methyltransferase inhibitor
which reduces heterochromatin levels, decreased
migration speed through both 15x5um? control
and 2x5pm? sized constrictions. Notably, the
reduction in speed was less pronounced in control
channels [68]. Similarly, silencing H3K4 methyl-
transferase components WDR5 or RbBP5, signifi-
cantly reduced migration of lymphocytes through

both 3D collagen matrix and 3 um pore Transwells
[69]. Also, decoupling heterochromatin from the
nuclear periphery inhibited constrained migration
in vivo in Caenorhabditis elegans larval development
[70]. Consistent with these studies, increased
H3K9me2/3 levels promoted chromatin compaction
and enhanced motility in T-cells [71]. The reasons
for the disagreement on the role of chromatin in
confined migration are presently unclear. While
nuclear  softening  caused by  chromatin
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decondensation has been proposed to promote con-
fined migration in some contexts [52], it is possible
that chromatin modifications give rise to secondary
effects (such as altered migratory signaling path-
ways) in others.

Mechanical forces that move the nucleus
through confined spaces vary with the mode
of cell migration

Cells must actively position the nucleus, their lar-
gest organelle, in order to migrate effectively. They
have evolved diverse mechanisms to position the
nucleus (reviewed by us in [9]), with qualitatively
different force generation modes: shear forces gen-
erated by kinesin or dynein microtubule motors
[25,72—74] or by retrogradely flowing actomyosin
flow [75,76], tensile forces through actomyosin
contraction [22,23,77], and forces due to a front-
to-back pressure gradient [78,79]. These distinct
force mechanisms can be harnessed by the cell
depending on the context and on whether the
migratory mode is amoeboid or mesenchymal.
Translocation of the nucleus through
a constriction requires a force difference between
the front and back of the nucleus. Accounting for
the biphasic nature of the cytoplasm, which consists
of a viscoelastic interconnected actomyosin network
(gel phase) embedded in a cytosolic fluid (sol

Amoeboid Migration

P,

rear = P, front
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phase), the net local stress on the nuclear surface is
the difference between the tensile stress from the
contractile actomyosin network phase (linked to the
nuclear surface through nesprins) and the pressure
of the sol phase (the cytosolic fluid component)
(Figure 3) [80,81]. Pressurization of the sol phase
is achieved by Laplace pressure generated by acto-
myosin cortical tension. Amoeboid migration is
commonly attributed to greater cortical tension
(and thus higher pressure) at the cell rear, which
drives forward cytoplasmic flow and nuclear trans-
location. In contrast, mesenchymal migration
involves traction forces that are transmitted through
the nucleus from front to back via the actomyosin
network permeating the cytoplasmic volume
[22,82]. The force difference driving nuclear trans-
location in confined mesenchymal migration could
therefore arise from greater actomyosin activity at
the cell front, where polymerization is more active
[23], and/or greater stress transmission at the front
due to a higher density of cytoskeletal linkages at the
nuclear surface [83]. In principle, nuclear transloca-
tion in confinement could be driven by both a sol-
phase pressure difference and a network-phase ten-
sion difference, with one or the other mechanism
predominating during amoeboid- or mesenchymal-
type migration. Moreover, cells migrating through
confined gaps remodel the actin cortex and retain
a memory of prior confinement events [84]. The

Mesenchymal Migration

Traction

>T,

rear

T front

Traction

P : Sol-phase pressure
T : Network-phase tension (3D)
7: Cortical tension (2D)

Figure 3. Model for translocation of the nucleus through a constriction during confined migration. Nuclear translocation is driven by a
back-to-front difference in cytoplasmic stresses on the nuclear surface. The net cytoplasmic stress is the difference of pressure in the
sol-phase (P) and the tension in the network phase (T), the latter of which is transmitted to the nuclear envelope via nesprins. Sol-
phase pressure is generated by contraction of the actomyosin cortex (i.e. The Laplace pressure at the plasma membrane). In
amoeboid migration, a front-to-back difference in cortical (2D) tension (t) creates the pressure gradient that drives cytoplasmic flow
and nuclear translocation. In mesenchymal migration, nuclear translocation results from a front-to-back difference in traction forces
transmitted from the surrounding extracellular matrix (or substratum) to the nuclear surface through the actomyosin network. A
front-to-back difference in stress transmission to the nuclear surface could arise from a difference in traction forces, in actomyosin

activity or in the surface density of nesprin linkages.
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mechanical state of the cortex at one confinement
influences cell morphology and migratory capacity
at subsequent confinements, demonstrating a direct
link between past confinement and future adaptive
potential.

Early studies of mesenchymal migration in
unconfined motile fibroblasts showed that nuclear
positioning is accomplished by a tug-of-war
between actomyosin pulling forces generated in
between the nuclear surface and the leading edge,
and those generated in between the nuclear surface
and the trailing edge [22,23]. In this picture, an
increase in actomyosin force close to the leading
edge where new F-actin filaments are formed
causes an imbalance between the pulling forces
on the nucleus from the trailing edge and the
forces from the leading edge, resulting in motion
of the nucleus toward the leading edge. The trans-
mission of these pulling forces to the nuclear sur-
face requires a linkage between the F-actin
cytoskeleton and the nuclear surface mediated by
the Linker of Nucleoskeleton and Cytoskeleton
(LINC) complex [22,23,85], which spans the
nuclear envelope and consists of inner nuclear
membrane Sadl and UNC-84 (SUN) domain con-
taining proteins, and the outer nuclear membrane
Klarsicht, ANC-1, and Syne homology (KASH)
domain-containing nesprin proteins [77,86—88].
Among these, the giant isoforms of nesprin-1
and nesprin-2 directly bind F-actin.

Interestingly, actomyosin pulling forces between
the leading edge and the nuclear surface have been
similarly implicated in the migration of mouse
embryonic fibroblasts (MEFs) in 2pum, 3 um, or
5 um sized constrictions [83,89]. The F-actin binding
nesprin-2 KASH protein was observed to redistribute
to the leading edge of the confined nucleus, and this
redistribution was required for nuclear migration into
the constriction. Thus, F-actin based pulling forces on
the nuclear surface from the front of the cell likely
move the nucleus forward and into the constriction in
MEFs. Others have suggested that dynein motors
anchored to the nuclear surface by the LINC complex,
pull the nucleus along microtubules radiating from
the centrosome into the constriction [90]. However,
pressure from the rear of cells due to contraction of
the rearward actomyosin cortex, which creates
a pressure difference between the front and back of
the cell, may also contribute to the force balance in

narrower constrictions [55]. Cancer cells like MDA-
MB-231 cells, HT1080 cells, or HOS cells, which have
the capacity for amoeboid migration, may move the
nucleus into constrictions through such a pressure
difference, while MEFs, which migrate exclusively
mesenchymally, may use a purely tensile mechanism
[57,91]. A similar mechanism, based on front-to-back
pressure gradients, has been proposed for moving the
nucleus through 3D matrices in which the nucleus is
proposed to act as a piston [78,79]. Studies with
C. elegans suggest that while dynein may pull the
nucleus through constricted spaces along microtu-
bules toward their minus ends in a LINC-complex
dependent manner, actomyosin contraction from the
rear may push the nucleus forward in a LINC-
complex independent manner [88]. Also, cells lacking
Cytoplasmic Linker-Associated Proteins (CLASPs)
were unable to migrate directionally in microchannels
of 2—2.5x4 um constrictions, and nuclei underwent
frequent rupture events [92]. Consistent with this,
CLASP2 depletion in RPE1 cells impaired migration
through 4 um confinement channels [93].

Biological effects of nuclear deformation in
confinement

Nuclear envelope rupture

The large deformations of the nucleus as a cell
migrates through confinement can rupture the
nuclear envelope [16,17], mixing cytoplasmic and
nuclear contents, and causing deleterious effects
such as DNA damage [94-96]. Nuclear envelope
ruptures have been observed in diverse cell types
including cancer cells [16,17,97], fibroblasts [98],
and dendritic cells [16,99], and they occur even in
unconfined cells when they lack nuclear lamins
[100,101].

A single lipid membrane can undergo an areal
stretch of only around 2-5% before it will rupture,
corresponding to a rupture tension of around 8-10
mN/m [102]. The resulting hole size in single
membrane tends to be of the order of a few nm
[103,104]. Yet, nuclear envelope hole sizes post-
rupture in cells have been reported to be of the
order of 100 nm [17,105]. This may be due to the
unique mechanical properties of the double-
membrane fused structure of the envelope [106—
108], which could give rise to donut-shaped holes



that are stable at much larger sizes than holes in
single membranes [105].

Envelope rupture frequency is higher at smaller
confinement widths [17]. Ruptures typically occur at
the leading edge of the nucleus and are preceded by
the formation of membrane blebs that separate from
the nuclear lamina and eventually burst. Bleb for-
mation may be promoted by chromatin herniation
that exerts an outward pressure on the nuclear
envelope [109,110]. Loss of lamin A/C promotes
the tendency for rupture [17], while vimentin inter-
mediate filaments protect nuclei from rupture [96].

Upon rupture, DNA damage is induced by
exposure of DNA to endoplasmic reticulum (ER)-
associated exonuclease TREX1 after envelope
integrity is breached [18]. This DNA damage has
been shown to promote invasive migration in
human breast cancer cells. Frequent rupture in
fibrosarcoma cells can also induce p53 activation
and cell apoptosis, but cells can eventually adapt
by excluding Yes-associated protein (YAP) —
a mechanosensitive transcriptional co-activator
and major effector of the Hippo signaling pathway
that regulates genes involved in cell proliferation,
survival, and migration — from the nucleus, redu-
cing the incidence of ruptures and suppressing
p53-mediated cell death [111].

Ruptures of the nuclear envelope are repaired
by endosomal sorting complexes required for
transport-Ill (ESCRT-IIlI) machinery [16,17]. The
recruitment of repair protein machinery to rup-
tures is preceded by rapid recruitment of proteins
like barrier-to-autointegration factor (BAF) and
Lamin C to the site of rupture [98,112].

Chromatin remodeling

Nuclear deformation that accompanies confined
cell migration can lead to chromatin rearrange-
ment and function that can last from hours to
days [39,68]. Migration of HT1080 fibrosarcoma
cells, skin fibroblast or MDA-MB-231 breast

adenocarcinoma cells through three rows of
2x5um? sized repeating constrictions in
a microfabricated device resulted in increased

heterochromatin (H3K9me3, H3K27me3) and
reduced chromatin accessibility, which in turn
decreased global transcription [68]. This remo-
deling promoted cell migration in confined 3D
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environments and impairing these changes
inhibited migration. In contrast, heterochroma-
tin levels reduced in cell migrating through
high-concentration 3D collagen gels [68,69].

Notably, the effects of confined migration on
chromatin are not necessarily transient. Repeated
migration through narrow constrictions can have
long-lasting effects on chromatin organization.
For example, A375 melanoma and MDA-MB -
231 cells, which went through multiple rounds of
confined migration, exhibited stable changes to
chromosomal spatial compartmentalization as
measured in Hi-C experiments [113]. These
changes further correlated with stable changes to
gene expression, including in metastasis-
associated pathways (TGF-B, EGFR) and adhe-
sion-related genes such as CADM3 and ITGAO.
CCRF-CEM and Jurkat cells that underwent three
sequential rounds of confined migration exhib-
ited irregular nuclear morphology with irregular
lamin B1 distribution [114]. These cells showed
altered expression of genes involved in cell-cycle
regulation, DNA-damage response, protein mod-
ification pathways. These cells also exhibited
increased resistance to apoptosis, increased pene-
tration into 3D collagen matrices and, surpris-
ingly, decreased invasiveness in vivo. Cell
migration through confinement can also alter
chromatin conformation. For example, neutro-
phil migration through constrictions can cause
a depletion of short-range chromosomal contacts
in compartments enriched for heterochromatin
[115]; such remodeling was not observed in tran-
scriptionally active compartments. Thus, hetero-
chromatin remodeling, which occurs at the
periphery of the nucleus, may have a protective
role that dampens remodeling in euchromatin
deeper in the nucleus.

Nuclear condensate and phase separation

Nuclear deformation in confined migration can
induce DNA damage independent of rupture by
causing stalling of the replication fork [116,117].
Also, mechanical deformation of the nucleus
during migration can modulate chromatin-
embedded nuclear condensates [118,119]. For
instance, deformation of the nucleus through
a 2um x 5-um-wide confinement deformed
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and coalesced nuclear condensates such as
nucleoli and nuclear speckles in human MDA-
MB-231 breast cancer cells. Notably, the advan-
cing edge of the nucleus displayed a more
homogenous chromatin distribution, whereas
the trailing edge was more heterogeneous, with
pockets of lower chromatin density. Condensates
preferentially nucleated and grew in size in the
trailing half of the migrating nucleus (compared
to the advancing half) [118]. This mechanical
asymmetry mirrors prior observations that con-
strictions enhance chromatin compaction while
excluding mobile nuclear factors, such as DNA
repair proteins, from regions of high density
[117]. In contrast, heterochromatin protein
alpha (HPla) condensates shift significantly
toward the nuclear center in response to rapid
vertical confinement of 2—-8 um for ~15 min in
fetal lung fibroblasts (IMR90) but not in human
cervical cancer (Hela) cells, indicating a cell-
type dependent response [120]. Interestingly,
the HP1a condensates were observed to decrease
both in size and number for both cell types
under confinement, likely due to force-
dependent disintegration of the condensates.
Similarly, moderate confinement of MDA-MB
-231 through microchannels 11 um x7 wide or
11 um x10 um wide resulted in twofold increase
in nuclear paraspeckles, which decrease to base-
line levels when cells exit the confined region,
with no change in paraspeckle expression during
extreme confinement (3 or 5-um-wide channels)
[121]. Paraspeckle formation was also nearly
doubled with near tripling in total paraspeckle
area with the 11 um x 10-um-wide confinement.
These paraspeckles were observed to be localized
at the leading edge of the migrating cells, loca-
lizing in euchromatin enriched regions.

Signaling pathways

The significant nuclear deformations in confined
migration can result in interesting effects that
impact cell migratory pathways in unusual ways.
As mentioned above, upon confinement, the
nucleus can act as a piston to pressure the front
of the cell. Such pressure gradients can open ion
channels in long protrusions at the leading edge
of the cell in confining pores [122], resulting in

stabilization of these protrusions. Thus, the
nucleus may help power migration through con-
finement. Likewise, compression of nuclei as they
move into constrictions may feedback to modify
the very forces that deform and position the
nucleus. This possibility is supported by experi-
ments in which stationary cells were compressed
vertically in a confinement device [123].
Compression unfolded the nuclear envelope, trig-
gering a signaling cascade with the release of
calcium ions and activation of the cytosolic phos-
pholipase A, enzyme (cPLA,), that promoted
actomyosin contraction. In line with this, Arp2/
3 mediated nuclear envelope unfolding and ten-
sioning in response to confinement activated
cPLA,, driving upregulation of chemokine recep-
tor CCR7 which induced shape sensing in den-
dritic cells [124]. Similarly, nuclear envelope or
inner membrane stretching during confinement
activates the same cPLA,-calcium-arachidonic
acid signaling cascade, promoting cortical myosin
Il recruitment and cell contraction [125]. This
mechanism enables cells to generate contractile
forces required for nuclear translocation through
constrictions and to adjust motility in response to
confinement. Along similar lines, confined migra-
tion recruits Ect2, cofactor of the scaffolding pro-
tein anillin, to the plasma membrane where it
mediates the activation of myosin-mediated con-
traction that feeds back to further drive migra-
tion; nuclear rupture further amplifies this
signaling response [126]. Also, nuclear deforma-
tion-induced unwrinkling of the nuclear lamina
has been proposed to modulate nuclear surface
tension and promote YAP localization to the
nucleus [53]. Whether such changes to the phy-
sical state of the nucleus also modify mechanical
force generation in confined migration remains
an open question.

Summary

Confined cell migration represents a distinct mechan-
ical mode of cell migration which involves deforma-
tion of the nucleus to fit into narrow constrictions.
This area of research is rapidly expanding, and brings
together microfluidic technologies, 3D ECM models
of confined migration, biophysical modeling and
molecular cell biological investigations. Significant



progress has been already achieved in understanding
the mechanics of nuclear deformation, the mechan-
isms of force generation on the nucleus, and unique
deformation-induced biological effects such as envel-
ope rupture, modification of chromatin conformation
and alteration of signaling pathways. This mounting
evidence suggests that nuclear deformation in con-
fined migration can induce functionally important
effects such as DNA-damage, invasive cancer cell
migration, and alteration of signaling pathways. The
accumulating evidence already raises the prospect of
therapeutic targeting of deformation-induced path-
ways for arresting or reducing the invasive migration
of cancer cells.

At the same time, important conceptual gaps
remain. In particular, much of the field continues
to treat the nucleus primarily as a viscoelastic mate-
rial, without accounting for the physiologically rele-
vant, slow time scales of nuclear deformation during
confined migration over which the nucleus behaves
more like a drop. On these time scales, nuclear
mechanics appear to be governed by a threshold
behavior of the nuclear lamina: effectively zero sur-
face tension when the lamina is wrinkled, and a finite
surface tension when the lamina is smooth. An
important, unexplored implication is that nuclear
functions such as nucleocytoplasmic transport and
regulated gene expression may be sensitive to lami-
nar surface tension itself, rather than to nuclear
deformation or strain alone. Clarifying these rela-
tionships will require approaches that explicitly con-
nect nuclear geometry, laminar state, and functional
nuclear responses during confined migration. In
parallel, establishing more realistic in vitro models
that reflect tissue-specific patterns of confinement,
including pore sizes and 3D geometries, is required
for fully understanding nuclear mechanics in
confinement.
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