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SUMMARY

Nuclear deformation has been observed in some cancer cells for decades, but its
underlying mechanism and biological significance remain elusive. To address
these questions, we employed human lung cancer A549 cell line as a model in
context with transforming growth factor b (TGFb)-induced epithelial-mesen-
chymal transition. Here, we report that nuclear deformation induced by TGFb
is concomitantwith increased phosphorylation of lamin A at Ser390, defective nu-
clear lamina and genome instability. AKT2 and Smad3 serve as the downstream
effectors for TGFb to induce nuclear deformation. AKT2 directly phosphorylates
lamin A at Ser390, whereas Smad3 is required for AKT2 activation upon TGFb
stimulation. Expression of the lamin A mutant with a substitution of Ser390 to
Ala or suppression of AKT2 or Smad3 prevents nuclear deformation and genome
instability induced by TGFb. These findings reveal a molecular mechanism for
TGFb-induced nuclear deformation and establish a role of nuclear deformation
in genome instability during epithelial-mesenchymal transition.

INTRODUCTION

Epithelial-mesenchymal transition (EMT), a process that epithelial cells lose their polarity and gain migra-

tory and invasive properties to becomemesenchymal stem cells, is essential for development, wound heal-

ing, and cancer progression.1 EMT enables tumor cells to not only gain a migratory phenotype but induce

multiple mechanisms toward to immunosuppression, drug resistance, and evasion of apoptosis.1 The char-

acteristics of cells that undergo EMT include loss of cell-cell junctions, mesenchymal morphological

changes, increased extracellular matrix expression, elevated migratory and invasive properties, nuclear

deformation, and genome instability.2–4 Genome instability has been regarded as the initiation of tumor-

igenesis.5 Nuclear deformation or dysmorphia, characterized by crumpled or lobulated polymorphic nu-

clear shapes, has been applied to clinical diagnosis for the malignant grades of certain cancers.6–8

EMT can be induced by several growth factors and cytokines (e.g., TGFb, FGF, EGF, HGF, Wnt/b-catenin and

Notch) as well as hypoxia.4,9 Among which, transforming growth factor b (TGFb) is prominent for its capability

to induce EMT in various in vitro models.10,11 On binding to its receptor, TGFb triggers the activation of the

Smad and non-Smad signaling pathways.4 Most of the TGFb-induced transcriptional responses are mediated

by Smad2 and Smad3, both of which are members of the receptor-regulated Smad (R-Smad) family.12 On phos-

phorylated by the TGFb-receptor, Smad2/3 bind to the Co-Smad Smad4 and then the R-Smad/Co-Smad com-

plexes translocate into the nucleus where they cooperate with context-specific transcription factors to regulate

target gene expression.13 Although Smad2 and Smad3 share common functions, increasing evidence indicates

that they can performdistinct functions.14–16 Besides activation of the canonical Smad pathway, TGFb alsomod-

ulates the activity of several other signaling pathways, such as the Ras-MAPK (Mitogen-Activated Protein Kinase)

and phosphatidylinositol 3-kinase (PI3K)-AKT signaling pathways.17 Unlike the canonical Smad pathway, modu-

lation of these non-Smad pathways by TGFb is often cell type-specific and context-dependent.17 In mammalian

cells, all three MAPKs (i.e., Erk, Jnk, and p38) are activated by TGFb.18–20 The TGFb-stimulated Erk activation is

crucial for specific induction of genes that feature prominently in cell motility and cell-matrix interaction,21 while

the PI3K-AKT signaling pathway contribute to E-cadherin repression and invasive behavior during EMT.22–26

The mammalian AKT family includes three closely related serine/threonine protein kinases (AKT1, AKT2,

and AKT3), which regulate many processes including metabolism, proliferation, cell survival, growth,
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Figure 1. TGFb induces nuclear deformation, concomitant with defective nuclear lamina

(A) Representative time-lapse images of A549 cells expressing GFP-H2B in the presence (+) or absence (�) of TGFb are

shown. The alteration in the nuclear morphology became more evident 15 h after TGFb stimulation. The arrowheads

indicate irregular nuclear shapes. Scale bars, 10 mm.

(B) A549 cells were treated with (+) or without (�) TGFb for 72 h and stained for lamin A (green) and DNA (blue). The insets

show a normal nucleus and two deformed nuclei classified as crumpling (a) or lobulation (b). Scale bars, 20 mm.

(C) A549 cells were treated with TGFb for various times as indicated and stained for lamin A and DNA. The percentage of

the cells with a crumpled or lobulated nucleus was measured (n R 339).

(D) A549 cells were treated with TGFb for various times as indicated and stained for lamin A and DNA. The nuclear

circularity (4p x area/perimeter2) of the cells was determined (n R 100).

(E) Various cancer cell lines, as indicated, were treated with TGFb for 72 h and stained for lamin A and DNA. The

percentage of the cells with a deformed nucleus was measured (n R 600).

(F) A549 cells were treated with or without TGFb for 72 h and stained for lamin A. The line-scan profiles of lamin A at the

selected region (as indicated by dashed lines) are shown using Zeiss Zen2 software. Scale bars, 10 mm. The percentage of

the cells with apparent nucleoplasmic distribution of lamin A was measured (n R 246).

(G) A549 cells were treated with or without TGFb for 72 h and solubilized in 1% NP40 lysis buffer. An equal proportion of

cell lysates from the soluble and insoluble fractions was analyzed by immunoblotting with the antibodies as indicated. The
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Figure 1. Continued

level of lamin A in the soluble and insoluble fractions was quantified and expressed as the percentage of each fraction

in the total counts.

(H) A549 cells were treated with or without TGFb for 72 h and stained for emerin (white), lamin A (green), and DNA (blue).

The arrows indicate the region of the nuclear lamina without emerin distribution. Scale bars, 10 mm. The percentage of the

cells with a discontinuous distribution of emerin at the nuclear lamina was measured (n R 200).

(I) A549 cells were treated with or without TGFb for 72 h and lysed. An equal amount of whole cell lysates was analyzed by

the immunoblotting with anti-emerin or anti-actin antibody. Data information: In C, E, F, G and H, values (means G SD)

were from three independent experiments. In D, values were presented as the box-whisker plot from three independent

experiments. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S1.
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and angiogenesis.27 AKT1 and AKT2 are ubiquitously expressed in most tissues, whereas AKT3 appears to

be predominantly expressed in brain.28,29 Because of strong homologies in the primary amino acid

sequence, the three AKT isoforms were long surmised to play redundant and overlapping roles. However,

more and more studies have pointed to isoform specific functions in different cellular events and dis-

eases.30 For example, AKT1 is more specifically involved in cell growth and survival,31,32 whereas AKT2 is

more specific for cancer metastasis.33–35 In addition, AKT2 has been found to be upregulated, mutated,

and correlated with poor prognosis in several types of cancers.34,36,37

The nuclear lamina is a dense fibrillar network that is composed of lamins (type V intermediate filament pro-

teins) and nuclear membrane-associated proteins. It associates with the inner nuclear membrane of the nu-

clear envelope and thereby provides mechanical strength to the nucleus. In addition, the nuclear lamina

participates in chromatin organization and regulates various important nuclear activities including tran-

scription, DNA replication, and DNA damage repair, which occur through interaction with chromatins

and signaling proteins.38,39 The genomes of mammals have three lamin genes: LMNA, LMNB1, and

LMNB2. The LMNA gene is expressed in differentiated cells, whereas at least one LMNB gene is expressed

in every somatic cell in the body.40,41 Lamins were found to be phosphorylated at serine and tyrosine res-

idues during interphase and mitosis.42–46 In most cases, phosphorylation of lamins has an adverse effect on

their assembly. Lamin A is most studied among lamins. It is a heavily phosphorylated protein with more

than 70 identified unique Ser/Thr phosphorylation sites,47,48 some of which (Ser22, Ser390, Ser392, and

Ser404) have been shown to affect the structure and function of lamin A during interphase and mitosis.46

More recently, Src was found to phosphorylate lamin A mainly at Tyr45, which hampers lamin A assembly

in the interphase.42 Besides phosphorylation, SUMOylation and acetylation of lamin A were reported to be

important for maintaining nuclear architecture and genome integrity.49,50

Nuclear deformation is usually accompanied by loss of the nuclear envelope integrity, aberrant gene

expression, and genome instability.51 All of these relevant events can be observed not only in malignant

tumor cells, but also in the cells derived from patients with laminopathies, a group of rare genetic disorders

caused by mutations in the LMNA gene.52–54 Likewise, down-regulation of lamin A was able to cause nu-

clear deformation in lung and breast cancer cells.55,56 Lamin A has been reported to be involved in the

DNA damage response partly through ensuring proper nuclear localization and/or expression of DNA

repair proteins, including 53BP1, ATR, DNA-PK, Rad51, and BRCA1.57–63 Therefore, nuclear deformation

caused by lamin A deficiency may impair the DNA repair mechanism and lead to genome instability. Be-

sides, under certain circumstances, post-translational modification of lamin A that alters the structure of

the nuclear lamina may cause nuclear deformation and genome instability. It was reported that deficiency

of nestin (a biomarker for stem cells) caused lamin A phosphorylation mainly at Ser392 by CDK5, which

induced lamin A degradation and nuclear deformation, in association with tumor senescence.64 Although

there has been increasing attention paid to nuclear deformation, the underlying mechanism and its biolog-

ical significance during EMT are still elusive. In the present study, we show that nuclear deformation

induced by TGFb is concomitant with increased lamin A phosphorylation mainly at Ser390, defective nu-

clear lamina, and genome instability. Our mechanistic study reveals that AKT2 and Smad3 are the down-

stream effectors for TGFb to induce such events.

RESULTS

TGFb induces nuclear deformation, accompanied by defective nuclear lamina

The human lung cancer A549 cell line has been widely used as a model to study TGFb-induced EMT.65–67 In

this study, we observed that A549 cells constantly changed their nuclear shape and apparently exhibited

irregular deformed nuclei 15 h after TGFb treatment (Figure 1A). The nuclear deformation induced by
iScience 26, 106992, June 16, 2023 3
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TGFb can be classified as crumpling (mildly deformed) or lobulation (severely deformed) by immunofluo-

rescence staining with anti-lamin A (Figure 1B, and see STARMethods for the criteria). The deformed nuclei

of A549 cells arose from �22% (mainly crumpled nuclei) at 0 h to �35% at 24 h, and up to �48% (approx-

imately one-third of which were lobulated nuclei) at 48 h after TGFb treatment (Figure 1C). Accordingly, the

nuclear circularity (4px area/perimeter2) of the cells were gradually decreased from 0.8 at 0 h to 0.55 at 72 h

of TGFb treatment (Figure 1D). In addition to A549 cells, TGFb has been reported to induce EMT in liver

cancer Huh7 cells, breast cancer MCF7 cells, pancreatic cancer PANC1 cells, and lung cancer NCI-H358

cells.68–71 Indeed, TGFb also induced nuclear deformation in those cell lines with various extents (Fig-

ure 1E). Moreover, although EGF and HGF have been reported to induce EMT,4,9 both of which induced

neither EMT nor nuclear deformation in A549 cells (Figure S1). These results together implicate that the

capability of TGFb to induce nuclear deformation seemingly associate with its potential to induce EMT.

The involvement of the nuclear lamina in the TGFb-induced nuclear deformation was examined. We found

that the deformed nucleus had an increased level of lamin A in the nucleoplasm, as shown by the transverse

line-scan of microscopy (Figure 1F). In addition, lamin A became more soluble after TGFb treatment, as re-

vealed by increased NP40-extractable lamin A (the soluble fraction in Figure 1G). The distribution of

emerin, a lamin A-interacting protein, at the nuclear lamina has been used as a marker for the integrity

of the nuclear lamina.72,73 We found that emerin discontinuously distributed at the nuclear lamina of

deformed nuclei (Figure 1H). This discontinuity of emerin at the nuclear lamina was not attributed to

decreased protein expression of emerin (Figure 1I). These data indicate that the nuclear deformation

induced by TGFb is associated with defective nuclear lamina.

The phosphorylation of lamin A at Ser390 is important for TGFb to induce nuclear

deformation

It has been shown that phosphorylation of lamin A at specific serine residuesmodulates the assembly of the

nuclear lamina in both interphase44,46 and mitotic phase.43,45 We found that lamin A phosphorylation at

Ser390 (pS390) was increased up to 2.8-fold at 72 h after TGFb treatment, whereas other lamin A phosphor-

ylation sites, including Ser22, Ser392, and Ser404, were not evidently enhanced (Figure 2A). The increased

lamin A pS390 was concomitant with appearance of EMT markers, including a decreased expression of

E-cadherin and increased levels of vimentin, Slug, and Twist (Figure 2A). To examine whether the phos-

phorylation of lamin A at Ser390 is important for TGFb-induced nuclear deformation, lamin A mutants

with a substitution at Ser22, Ser390, Ser392 or Ser404 were transiently expressed in A549 cells (Figure 2B).

We found that among the mutants, the S390A mutant showed the most resistance to nuclear deformation

induced by TGFb (Figure 2C). These data suggest that the phosphorylation of lamin A at S390 may be a

prerequisite for nuclear deformation on TGFb stimulation.

AKT2, but not AKT1, is responsible for lamin A phosphorylation at Ser390 on TGFb

stimulation

To explore which kinase(s) is responsible for TGFb-induced lamin A pS390 and nuclear deformation, A549

cells were treated with pharmacological inhibitors for the kinases (AKT, ERK, JNK, and p38) that were re-

ported to engage in TGFb-induced EMT.74 Among these inhibitors, only the AKT-specific inhibitor

MK2206 prominently suppressed TGFb-induced nuclear deformation in a dose-dependent manner (Fig-

ure 3A). AKT isozymes, AKT1 and AKT2, were activated on TGFb stimulation, both of which were inhibited

byMK2206 (Figure S2A). The inhibition of nuclear deformation byMK2206 also restored the nuclear lamina,

as revealed by well distribution of lamin A and emerin at the nuclear lamina (Figures S2B and S2C). Accord-

ingly, the inhibitor LY294002 specific to PI3K, the upstream activator of AKT, significantly suppressed

TGFb-induced nuclear deformation (Figure 3B).

The inhibition of AKT by MK2206 diminished �52% of lamin A pS390 induced by TGFb (Figure 3C). To

examine which AKT isozyme is responsible for TGFb-induced lamin A pS390 and nuclear deformation,

AKT1 and AKT2 were respectively depleted by specific shRNAs. Surprisingly, the depletion of AKT2, but

not AKT1, suppressed lamin A pS390 (Figure 3D) and nuclear deformation (Figure 3E) on TGFb stimulation.

Moreover, overexpression of exogenous HA-AKT2, but not HA-AKT1, was sufficient to induce nuclear

deformation, even in the absence of TGFb stimulation (Figures 3F and S2D).

To examine whether lamin A Ser390 was preferentially phosphorylated by AKT2 rather than AKT1 in intact

cells, HA-AKT1 and HA-AKT2 were transiently overexpressed in 293T cells. The total lamin A
4 iScience 26, 106992, June 16, 2023



Figure 2. TGFb increases lamin A phosphorylation mainly at Ser390, which is essential for TGFb-induced nuclear

deformation

(A) A549 cells were treated with TGFb for various times as indicated and analyzed by immunoblotting with the antibodies

as indicated. The phosphorylation levels of lamin A at Ser22, Ser390, Ser392, and Ser404 were quantified and expressed as

-fold relative to the level at time 0.

(B) FLAG-lamin A wild type (WT) or the mutants as indicated were transiently expressed in A549 cells for 24 h. An equal

amount of whole cell lysates was analyzed by immunoblotting with anti-FLAG or anti-actin antibody.

(C) A549 cells transiently expressing FLAG-lamin A or the mutants were treated with TGFb for 72 h and stained for FLAG-

lamin A (green), lamin B1 (red), and DNA (blue). Scale bars, 10 mm. The percentage of the transfection-positive cells with a

crumpled or lobulated nucleus was measured (n R 288). Data information: In A and C, values (means G SD) were from

three independent experiments. **p < 0.01, ***p < 0.001.
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phosphorylation (as visualized by staining the gel with Phos-Tag) and lamin A pS390 level (as visualized by

immunoblotting with anti-lamin A pS390) were remarkably elevated by HA-AKT2, but only slightly

increased by HA-AKT1 (Figure 3G). The capability of HA-AKT2 to increase lamin A pS390 was �4.6-fold

of HA-AKT1, as measured by lamin A pS390 intensity/HA-AKT intensity. The results from the in vitro kinase

assay clearly showed that AKT2, but not AKT1, directly phosphorylated lamin A at Ser390 (Figure 3H). Of

interest, both AKT isozymes phosphorylated lamin A at Ser404 to similar extent, but neither one phosphor-

ylated lamin A at Ser22 (Figure 3H). Together, these results indicate that AKT2 is the key kinase responsible

for lamin A Ser390 as well as nuclear deformation on TGFb stimulation.
Smad3 facilitates AKT2 activation and thereby contributes to nuclear deformation on TGFb

stimulation

To examine whether the Smad signaling is involved in TGFb-nuclear deformation in in A549 cells, Smad2

and Smad3 were respectively depleted by specific shRNAs (Figure 4A). We found that the depletion of

Smad3, but not Smad2, suppressed TGFb-induced nuclear deformation (Figure 4B). On the other hand,

overexpression of Smad3 by itself caused nuclear deformation, yet Smad2 had no such an effect (Figure 4C).

Moreover, we found that suppression of Smad3 by shRNA or the specific inhibitor SIS375 inhibited TGFb-in-

duced phosphorylation of AKT2 at Ser474 (Figures 4D and 4E). These data suggest that Smad3 may
iScience 26, 106992, June 16, 2023 5



Figure 3. AKT2 is responsible for lamin A Ser390 phosphorylation and nuclear deformation on TGFb stimulation

(A) A549 cells were pre-treated with MK2206 (AKT inhibitor; 5 mM), PD98059 (ERK inhibitor; 20 mM), SP600125 (JNK

inhibitor; 10 mM), SB23580 (p38 inhibitor; 10 mM), or the solvent DMSO as the control for 1 h and then co-treated with TGFb

for 72 h. The cells were stained for lamin A (green), lamin B1 (red), and DNA (blue). Representative images are shown.

Scale bars, 20 mm. The percentage of the cells with a crumpled or lobulated nucleus was measured (n = 300). To further

confirm the inhibitory effect of MK2206 on TGFb-induced nuclear deformation, A549 cells were treated with TGFb in the

presence of MK2206 at various concentrations as indicated for 72 h. The percentage of the cells with a crumpled or

lobulated nucleus was measured (n = 300).

(B) A549 cells were pre-treated with LY294002 (PI3K inhibitor; 20 mM) for 1 h and then co-treated with TGFb for 72 h. The

cells were stained for lamin A (red) and DNA (blue). Representative images are shown. Scale bars, 10 mm. The percentage

of the cells with a crumpled or lobulated nucleus was measured (n R 245).

(C) A549 cells were pre-treated with or without MK2206 (5 mM) for 1 h and co-treated with TGFb for 48 h. The cells were

lysed and an equal amount of whole cell lysates was analyzed by immunoblotting with anti-lamin A or anti-lamin A pS390
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Figure 3. Continued

antibody. The level of lamin A pS390 was measured and expressed as -fold relative to the level of the cells without

MK2206 treatment.

(D) A549 cells were infected with lentiviruses encoding shRNAs specific to AKT1 (sh-AKT1) or AKT2 (sh-AKT2). The cells

were treated with TGFb for 72 h and lysed. An equal amount of whole cell lysates was analyzed by immunoblotting with

the antibodies as indicated. The level of lamin A pS390 was measured and expressed as -fold relative to the level of the

control group without TGFb treatment.

(E) A549 cells as described in (D) were treated with TGFb for 24 h and stained for lamin A (green) and DNA (blue).

Representative images are shown. Scale bars, 10 mm. The percentage of the cells with a crumpled or lobulated nucleus

was measured (n R 600).

(F) A549 cells were transiently transfected with the plasmid encoding HA-AKT1 or HA-AKT2 for 24 h and then stained for

HA-AKT (green) and lamin A (white). The arrows indicate deformed nuclei. Scale bars, 20 mm. The percentage of the

transfection-positive cells with a deformed nucleus was measured (n R 457).

(G) FLAG-lamin A was transiently co-expressed with HA-AKT1 or HA-AKT2 in HEK293T cells for 24 h. The cells were lysed

and FLAG-lamin A was immunoprecipitated (IP) from an equal amount of whole cell lysates with anti-FLAG antibody. The

immunocomplexes were fractionated by SDS-polyacrylamide gel electrophoresis and the gel was stained with Phos-Tag

phosphoprotein gel stain, according to the manufacturer’s instructions. Besides, the immunocomplexes were analyzed

by immunoblotting with the antibodies as indicated.

(H) Recombinant His-lamin A proteins prepared in our laboratory as described in Materials and Methods were subjected

to an in vitro kinase assay in the presence of purified recombinant active AKT1 or AKT2 from Merck Millipore. The kinase

reaction was terminated with the SDS sample buffer and the proteins in the reaction were analyzed by immunoblotting

with the antibodies as indicated. The phosphorylation of His-lamin A at Ser390 was measured and expressed as –fold

relative to the level of the control without AKT. Data information: In A, B, E, F and H, values (meansG SD) were from three

independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S2.
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facilitate AKT2 activation on TGFb stimulation. Conversely, the phosphorylation and nuclear translocation

of Smad3 was not affected by AKT inhibition (Figure S3).
F-actin and heterochromatin contribute to TGFb-induced nuclear deformation

In addition to alterations in the property of the nuclear lamina, emerging evidence suggests that actomy-

osin-mediated contractility and content of heterochromatin and euchromatin may be involved in nuclear

deformation.76–78 Because EMT is characterized by both increased F-actin and chromatin-reconfigura-

tions,4,68,79,80 the possibilities of these two events to be involved in the TGFb-induced nuclear deformation

were examined. We found that TGFb-induced nuclear deformation was partially reduced by the F-actin

depolymerization agent cytochalasin D (Figure S4A) and the inhibitors that suppressed actomyosin-medi-

ated contractility,81 including the ROCK inhibitor Y27632, the MLCK inhibitor ML-7, and the myosin II inhib-

itor blebbistatin (Figure S4B). These results indicated that the mechanical force generated by actomyosin-

mediated contractility contributes to TGFb-induced nuclear deformation.

Next, the content of heterochromatin was examined by immunofluorescence staining with an antibody

specific to the tri-methylation of lysine 27 on histone H3 protein (H3K27me3), a main heterochromatin

marker. We found that the intensity of H3K27me3 was 1.45-fold increased on TGFb treatment

(Figures 5A and 5B), which was preferentially accumulated in the protruded region rather than the concave

region of deformed nuclei (Figures 5A and 5C). Furthermore, to determine whether the increased level of

heterochromatin is involved in nuclear deformation, chromatin was de-compacted by 3-Deazaneplanocin-

A (DZNep), a methyltransferase inhibitor that decreases heterochromatin.77 We found that DZNep sup-

pressed the increase of H3K27me3 and partially suppressed nuclear deformation on TGFb treatment (Fig-

ure 5D). In contrast, methylstat, a histone demethylase inhibitor,77 was able of increase H3K27me3 and

cause nuclear deformation in the absence of TGFb treatment (Figure 5E). Together, these results suggest

that the increased heterochromatin may contribute to nuclear deformation during TGFb-induced EMT.
Nuclear deformation is associated with genome instability during EMT

The biological significance of nuclear deformation in TGFb-induced EMTwas examined. TGFb prominently

induced mesenchymal cell markers fibronectin and F-actin in A549 cells, no matter whether their nuclei

were deformed (Figure S5). Although the lamin A S390Amutant protected A549 cells against nuclear defor-

mation on TGFb stimulation, as described in Figures 2C, S6A and S6B, it failed to prevent the disruption of

cell-cell junctions on TGFb stimulation (Figures S6C and S6D). In addition, the S390A mutant did not affect

TGFb-promoted cell migration through a 5-mm porous membrane (Figure S6E). These results together
iScience 26, 106992, June 16, 2023 7



Figure 4. Smad3 contributes to AKT2 phosphorylation and TGFb-induced nuclear deformation

(A) A549 cells were infected with lentiviruses encoding shRNAs specific to luciferase (sh-Luciferase), Smad2 (sh-Smad2), or

Smad3 (sh-Smad3). The cells were treated with (+) or without (�) TGFb for 24 h and lysed. An equal amount of whole cell

lysates was analyzed by immunoblotting with anti-Smad2/3 or anti-actin antibody.

(B) The cells as described in (A) were treated with or without TGFb for 24 h and stained for lamin A (white) and DNA (blue).

Scale bars, 10 mm. The percentage of the cells with a crumpled or lobulated nucleus was measured (n R 600).

(C) A549 cells were transiently transfected with the plasmid encoding FLAG-Smad3 or HA-Smad2 for 24 h, and then

stained for FLAG (green), HA (green), and DNA (white). Scale bars, 20 mm. The percentage of the transfection-positive

cells with a deformed nucleus was measured (n R 269).

(D) A549 cells expressing shRNAs to luciferase or Smad3 were treated with or without TGFb for 1 h. An equal amount of

whole cell lysates was analyzed by immunoblotting with anti-AKT2 pS474 or anti-AKT2 antibody. The phosphorylation of

AKT2 at Ser474 was quantified and expressed as –fold relative to the level of the control.

(E) A549 cells were pre-treated with the Smad3 inhibitor SIS3 for 4 h and then co-treated with TGFb for 1 h. An equal

amount of whole cell lysates was analyzed by immunoblotting with the antibodies as indicated. The phosphorylation of

AKT2 at Ser474 was quantified and expressed as –fold relative to the level of the control. Data information: In B and C,

values (means G SD) were from three independent experiments. ***p < 0.001. See also Figure S3.
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Figure 5. Increased heterochromatin formation contributes to TGFb-induced nuclear deformation

(A) A549 cells were treated with TGFb for 48 h and stained for H3K27me3 (green) and lamin A (red). The insets are enlarged

to show heterochromatins beneath a normal nuclear region, or the concave (labeled as C) or protruded (labeled as P)

region of a deformed nucleus. Scale bars, 10 mm.

(B) The relative nuclear intensity of H3K27me3 was measured according to the immunofluorescence images from panel A

(n = 120 cells).

(C) The H3K27me3 intensity of the normal, concave or protruded region (4.694 mm2) of the nucleus was measured from the

immunofluorescence images in panel A (n R 67 cells).

(D) A549 cells were pre-treated with DZNep (10 mM) for 0.5 h and co-treated with TGFb for 48 h. The cells were stained for

H3K27me3 (green), lamin A (red), and DAPI (blue). Scale bars, 10 mm. The graphs show the nuclear H3K27me3 intensity (n

R 125 cells) and the nuclear deformation rate (n R 376 cells), respectively.

(E) A549 cells were treated with methylstat (10 mM) for 24 h and stained for H3K27me3 (green), lamin A (red), and DAPI

(blue). Scale bars, 10 mm. The graphs show the nuclear H3K27me3 intensity (n R 118 cells) and the nuclear deformation

rate (n R 354 cells), respectively. Data information: In B, C, D and E, values (means G SD) were from three independent

experiments. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S4.
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indicate that nuclear deformation is not associated with certain EMT phenotypes, including fibronectin

expression, loss of cell-cell junctions, and increased cell migration.

Genome instability is one of characteristics during TGFb-induced EMT.2,82,83 In this study, we found that

TGFb induced micronuclei in A549 cells, which was abolished by the AKT inhibitor MK2206 (Figure 6A).
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Figure 6. TGFb-induced nuclear deformation is tightly associated with genome instability

(A) A549 cells were pre-treated with MK2206 for 1 h, co-treated with TGFb for 72 h, and stained for DNA. The arrows

indicate micronuclei. Scale bars, 10 mm. The percentage of the cells with a micronucleus was measured (n R 315).

(B) A549 cells were treated with or without TGFb for 72 h and stained for gH2AX andDNA. The arrow indicates a deformed

nucleus with gH2AX. Scale bars, 10 mm. The fluorescence intensity of gH2AX in the normal, crumpled, and lobulated

nucleus was measured (n R 139) and expressed as –fold relative to the average of the control.

(C) A549 cells were treated with or without TGFb for 72 h and stained for PML and DNA. The arrows indicate deformed

nuclei with PML. Scale bars, 10 mm. The fluorescence intensity of PML in the normal, crumpled, and lobulated nucleus was

measured (n R 97) and expressed as –fold relative to the average of the control.

(D) FLAG-lamin A or the S390Amutant was transiently expressed in A549 cells for 24 h and then treated with TGFb for 48 h.

The cells were stained for gH2AX (green), FLAG-lamin A (red), and DNA (blue). Representative images are shown. Scale
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Figure 6. Continued

bars, 10 mm. The fluorescence intensity of gH2AX in the transfection-positive cells was measured (n R 210) and

expressed as –fold relative to the control group.

(E) The cells as described in (D) were stained for PML (green), FLAG-lamin A (red), and DNA (blue). Representative images

are shown. Scale bars, 10 mm. The fluorescence intensity of PML in the transfection-positive cells was measured (nR 130)

and expressed as –fold relative to the control group. Data information: In A, D and E values (meansG SD) were from three

independent experiments. In B and C, values (means G SEM) were from three independent experiments. *p < 0.05,

**p < 0.01, ***p < 0.001. See also Figures S5–S7.
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In addition, the deformed nuclei by TGFb were found to harbor more DNA damage (Figures 6B and 6C), as

revealed by nuclear accumulation of two DNA-lesion markers gH2AX and PML.84,85 These results render it

possible that nuclear deformation may be linked to genome instability during EMT. Indeed, the S390A

mutant, which protected A549 cells against TGFb-induced nuclear deformation, inhibited the induction

of gH2AX and PML on TGFb stimulation (Figures 6D and 6E). Likewise, inhibition of nuclear deformation

by the AKT inhibitor MK2206 suppressed TGFb-induced gH2AX and PML (Figures S7A and S7B). Moreover,

overexpression of HA-AKT2, but not HA-AKT1, was sufficient to induce nuclear deformation and increased

gH2AX in A549 cells without TGFb treatment (Figure S7C). These results together indicate that AKT2-medi-

ated nuclear deformation is tightly associated with genome instability during TGFb-induced EMT.

Nuclear deformation causes defective DNA repair mechanisms, leading to genome instability

TGFb-induced genome instability can be attributed to defective DNA repair mechanisms.82,83,86 As described

previously,87 a fraction of ATR, a DNA repair protein, was found to localize at the nuclear lamina of the nucleus

with normal shape (Figure S8). However, ATR was no longer localized at the nuclear lamina of the deformed nu-

cleus on TGFb stimulation, which was restored by the AKT inhibitor MK2206 (Figure 7A) and the lamin A S390A

mutant (Figure 7B). The DNA damage caused by hydroxyurea (HU) is known to trigger ATR-mediated DNA

repair.88We found that the loss of ATR at the nuclear lamina by TGFb abrogated the repair for the DNAdamage

elicited by HU, as revealed by nuclear accumulation of gH2AX (Figure S9A). Moreover, we found that the level of

the DNA repair protein 53BP1was decreased in the deformed nuclei on TGFb stimulation (Figure 7C), whichwas

restored by the AKT inhibitor MK2206 (Figure 7C) and the lamin A S390Amutant (Figure 7D). The DNA damage

caused by etoposide is known to trigger 53BP1-mediated DNA repair.89,90We found that the decreased level of

53BP1 caused by TGFb hampered the repair for the DNA damage elicited by etoposide, as revealed by nuclear

accumulation of gH2AX (Figure S9B). These results suggest that nuclear deformationmay causemis-localization

and/or degradation of certain DNA repair proteins, such as ATR and 53BP1, and thereby abrogate the DNA

repair mechanism, leading to a loss of genome integrity.

DISCUSSION

Nuclear deformation or dysmorphia has longbeen considered to associatewith themalignancy of tumors. How-

ever, its underlyingmechanism andbiological significance in tumorigenesis remain unclear. In the present study,

we show that nuclear deformation, concomitantwithdefective nuclear lamina, is one of the characteristics during

TGFb-induced EMT. It is tightly associated with genome instability, but not other EMT phenotypes, including

loss of cell-cell junctions, mesenchymal morphological changes, increased fibronection expression, and

elevated cell migration. As depicted in Figure 8, on TGFb stimulation, AKT2 is activated in a PI3K- and

Smad3-dependent manner, which then translocates into the nucleus where it directly phosphorylates lamin A

mainly at Ser390. The increased phosphorylation of lamin A at Ser390 may result in relaxed nuclear lamina. Sub-

sequently, the TGFb-induced increases in actomyosin-mediated contractility and heterochromatin may respec-

tively exert inward and outward force to cause nuclear deformation, accompanied by defects in the nuclear lam-

ina. The defects in the nuclear lamina then induce mis-localization and/or downregulation of DNA repair

proteins, such as ATR and 53BP1, finally leading to genome instability.

Our results reveal that AKT2-mediated phosphorylation of lamin A at Ser390 is correlated with increased solu-

bility of laminA and its re-distribution from the lamina to nucleoplasmon TGFb stimulation. This is not surprising

because the serine phosphorylation of lamin A at Ser22, 390, 392, or 404 is known to have an adverse effect on

lamin A assembly.43,46 However, to our surprise, expression of the lamin A S390A mutant alone is sufficient to

protect the cells against nuclear deformation induced by TGFb (Figure 2E). This strongly supports that AKT2-

mediated phosphorylation of laminA at Ser390 is a prerequisite for TGFb to induce nuclear deformation. Never-

theless, it is generally believed that besides defects in the nuclear lamina organization, other mechanical forces

that directly apply on the nucleus are needed to cause nuclear deformation. In other words, phosphorylation of

lamin A by itself is not sufficient to cause nuclear deformation. The forces that affect nuclear morphology can
iScience 26, 106992, June 16, 2023 11



Figure 7. Nuclear deformation causes a mis-localization of ATR and decreased expression of 53BP1

(A) A549 cells were treated with (+) or without (�) TGFb and the AKT inhibitor MK2206 (5 mM) for 72 h and stained for ATR

and DNA. The arrowheads indicate the nucleus with a fraction of ATR localized at the nuclear lamina. The arrows indicate

the deformed nucleus without ATR at the nuclear lamina. Scale bars, 10 mm. The percentage of the cells with ATR at the

nuclear lamina was measured (n R 236).

(B) FLAG-lamin A or the S390A mutant was transiently expressed in A549 cells for 24 h and then treated with or without

TGFb for 48 h. The cells were stained for ATR (green), FLAG-lamin A (red), and DNA (blue). The arrowheads indicate the

nucleus with a fraction of ATR localized at the nuclear lamina. The arrows indicate the deformed nucleus without ATR at

the nuclear lamina. Scale bars, 10 mm. The percentage of the transfected cells with ATR at the nuclear lamina was

measured (n R 88).

(C) The cells as described in (A) were stained for 53BP1 and DNA. The arrows indicate the deformed nucleus with a lower

fluorescence intensity of 53BP1. Scale bars, 10 mm. The fluorescence intensity of 53BP1 in the nucleus was measured (nR

145) and expressed as –fold relative to the control.
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Figure 7. Continued

(D) The cells as described in (C) were stained for 53BP1 (green), FLAG-lamin A (red), and DNA (blue). The arrows indicate the

deformed nucleus with a lower fluorescence intensity of 53BP1. Scale bars, 10 mm. The fluorescence intensity of 53BP1 in the

nucleus was measured (n R 86) and expressed as –fold relative to the control group. Data information: In A to D, values

(meansG SD) were from three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figures S8 and S9.
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arise from both outside and inside the nucleus. Outside the nucleus, actin-based nucleus confinement was re-

ported to induce nuclear envelope rupture in human osteosarcoma U2OS cells.91 In addition, the unrestrained

actomyosin contractility caused by loss of myosin phosphatases was found to drive cancer cells nuclear defor-

mation, nuclear envelop rupture, and genome instability.78 Inside the nucleus, chromatin histone modification

state or compositional changes in the chromatin may affect nuclear rigidity. It was reported that chromatin

compaction via increasedheterochromatin confers rigidity to the nucleus.77A recent study reported that compo-

sitional changes in the chromatin by upregulated expression of histoneH3.3, a histoneH3 variant,92 contribute to

TGFb-induced nuclear deformation in liver cancer Huh7 cells.68

In the present study, we demonstrated that actomyosin contractility and increased heterochromatin con-

tent contribute to nuclear deformation during TGFb-induced EMT (Figures 5 and S4). However, the under-

lying mechanisms of how these two events affect nuclear morphology in context with alterations in the nu-

clear lamina during TGFb-induced EMT remain unclear. Heterochromatin is scattered throughout the

nucleus or accumulated adjacent to the nuclear envelope, where it is tethered by lamin A and its associated

proteins.93,94 It was shown that decreased tethering of heterochromatin at the nuclear envelope leads to a

softer and deformable nucleus.95 In this study, we observed that heterochromatin is apparently accumu-

lated at the protruded region of the deformed nucleus on TGFb stimulation (Figure 5C). It is possible

that lamin A phosphorylation at S390 may affect the tethering of heterochromatin with the nuclear lamina,

which could cause an uneven rigidity on the nucleus and finally lead to nuclear deformation. Intriguingly, it

was reported that the nuclear deformation caused by F-actin is associated with heterochromatin formation

during confined cell migration.96,97 It remains unknown whether actin-based nucleus confinement could

affect the tethering of heterochromatin with the nuclear lamina and the rigidity of the nuclear envelope.

The present study reveals that Smad3, but not Smad2, is required for the activation of AKT2 on TGFb stimulation

(Figure 4). This is in accordance with previous findings that AKT interacts with Smad3, but not Smad2, on TGFb

stimulation,98 and inhibition of Smad3 suppresses AKT phosphorylation induced by TGFb.99 However, the mo-

lecular mechanism of how Smad3 facilitates AKT2 activation on TGFb stimulation remains unclear. Because the

Smad3-specfic inhibitor SIS3 that inhibits Smad3 phosphorylation at Ser423/425 suppressed the AKT2 activation

on TGFb stimulation (Figure 4E), it is possible that phosphorylation of Smad3 may be necessary for it to interact

with and activate AKT2. As depicted in Figure 8, phosphorylated Smad3may recruit AKT2 to the TGFb receptor,

by which AKT2 is in close proximity to its upstream activator PI3K and the PI3K lipid products (e.g., phosphati-

dylinositol 3,4,5-trisphosphate, PIP3), which are known to bind to the PH domain of AKT for its activation on the

plasmamembrane.27Of note, the phosphorylation andnuclear translocation of Smad3were not affected byAKT

inhibition (Figure S3). It will be of interest to examine whether activated AKT2 separates from Smad3 and then

translocates into the nucleus by itself, or AKT2 retains in a complex form with Smad3 during nuclear transloca-

tion. Intriguingly, R-Smads were reported to be sequestered by the nuclear lamina.100 How the transcriptional

activities of R-Smads are regulated in context with AKT2-mediated lamin A phosphorylation and nuclear defor-

mation during TGFb-induced EMT remains to be explored.

We demonstrate in this study that both AKT1 and AKT2 are activated on TGFb stimulation, but only AKT2 is

responsible for increased lamin A phosphorylation at Ser390 (Figure 3). The in vitro kinase assay clearly

showed that AKT2, but not AKT1, directly phosphorylated lamin A at Ser390, whereas both AKT isozymes

phosphorylated lamin A at Ser404 to similar extent (Figure 3H). A possible explanation for this is that lamin

A Ser390 (RLRLS390) may be at an atypical phosphorylation motif (R-x-R-x-S*, where x represents any amino

acid and the asterisk indicates the site of phosphorylation) specific for AKT2, whereas Ser404 (RGRASS404) is

at an AKT consensus phosphorylation motif (R-x-R-x-x-S*/T*). In addition to Ser390 and Ser404, Ser22

(S22PTR) and Ser392 (S392PTS) are prominent phosphorylation sites of lamin A, both of which are at a

CDK consensus sequence (S/T*-P, or S/T*-P-x-K/R). This can explain why both AKT1 and AKT2 failed to

phosphorylate lamin A at Ser22 in our in vitro kinase assay (Figure 3H). Previous studies indicate that

AKT isoforms perform distinct functions,30,34,35 partly because of their different substrate specificity.101–103

AKT2 has been shown to promote tumor malignancy.33–35 It is not known whether the phosphorylation of

lamin A Ser390 by AKT2 is generally associated with the role of AKT2 in this regard.
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Figure 8. Illustration of how TGFb induces nuclear deformation and its link to genome instability

The intact nuclear lamina is important for proper localization and expression of certain DNA repair proteins, such as ATR

and 53BP1 (left panel). On TGFb stimulation, Smad3 is phosphorylated and facilitates AKT2 activation by an unknown

mechanism. It is possible that phosphorylated Smad3 may recruit AKT2 to the TGFb receptor in a close proximity to its

upstream activator PI3K and the PI3K lipid products (e.g. phosphatidylinositol 3,4,5-trisphosphate, PIP3). The activated

AKT2 translocates into the nucleus where it directly phosphorylates lamin A mainly at Ser390. The increased

phosphorylation of lamin A at Ser390 causes the relaxation of the nuclear lamina (middle panel). Meanwhile, the

contractile F-actin and compact heterochromatin provide mechanical forces to cause nuclear deformation and defects in

the nuclear lamina. The defects in the nuclear lamina then induce mis-localization and/or downregulation of ATR and

53BP1, finally leading to genome instability (right panel).
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Besidesobserved in somecancer cells, nuclear deformation is the hallmark of the cells derived frompatients with

laminopathies, a group of rare genetic disorders caused by mutations in genes encoding lamins.52 Increasing

evidence indicates that the nuclear lamina serves as a subcellular compartment important for the choice of

DNA repair pathway and maintenance of genome integrity.59,63,104 For instance, lamin A deficiency results in

mis-localization or degradation of nuclear ATR61,62 and 53BP1.58,105 Likewise, we found in this study that

TGFb caused mis-localization of ATR and a decreased level of 53BP1, both of which were restored by the lamin

A S390Amutant that provided resistance to nuclear deformation on TGFb stimulation (Figure 7).Our results thus

suggest that the defects in the nuclear lamina caused by mutations in lamin genes (e.g., laminopathies) or post-

translational modifications of lamins on extracellular cues (e.g., TGFb stimulation) may impair ATR- and 53BP1-

mediated DNA repair, leading to genome instability. Because TGFb has been shown to downregulate the

expression and/or activity of several other DNA repair proteins, such as ATM, BRCA1, andRad51,82,83,86 it should

be aware that the loss of the genome integrity during TGFb-induced EMTmay not be completely attributed to

the defects in the nuclear lamina. In summary, the present study not only unravels a significant role of AKT2 in

lamin A phosphorylation and nuclear deformation, but also demonstrates a tight association of nuclear defor-

mation with genome instability during TGFb-induced EMT.

Limitations of the study

Our results shown in this study were derived from cultured cancer cell lines. Therefore, the molecular mech-

anism and clinical significance proposed by this study await further in vivo studies for validations.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-lamin A Abcam Cat#ab8980

Rabbit polyclonal anti-lamin A pS392 Abcam Cat#ab58528

Rabbit polyclonal anti-lamin B1 Abcam Cat#ab155319

Rabbit polyclonal anti-N-cadherin Abcam Cat#ab18203

Rabbit polyclonal anti-lamin A/C antibody GeneTex N/A

Rabbit polyclonal anti-lamin A pS22 Cell Signaling Technology Cat#2026S

Rabbit polyclonal anti-AKT1 pS473 Cell Signaling Technology Cat#9271S

Rabbit monoclonal anti-AKT2 (clone D6G4) Cell Signaling Technology Cat#3063S

Rabbit monoclonal anti-AKT2 pS474 (clone

D3H2)

Cell Signaling Technology Cat#8599S

Rabbit polyclonal anti-ATR Cell Signaling Technology Cat#2790

Rabbit polyclonal anti-ERK pT202/pY204 Cell Signaling Technology Cat#9101

Rabbit polyclonal anti-emerin Santa Cruz Biotechnology Cat#sc-15378

Mouse monoclonal anti-Slug (clone A-7) Santa Cruz Biotechnology Cat#sc-166476

Rabbit polyclonal anti-Twist Santa Cruz Biotechnology Cat#sc-15393

Mouse monoclonal anti-AKT1 (clone B-1) Santa Cruz Biotechnology Cat#sc-5298

Mouse monoclonal anti-Smad2/3 (clone C-8) Santa Cruz Biotechnology Cat#sc-133098

Mouse monoclonal PML (clone PG-M3) Santa Cruz Biotechnology Cat#sc-966

Mouse monoclonal anti-His Tag (clone H-3) Santa Cruz Biotechnology Cat#sc-8036

Rabbit polyclonal and anti-ERK Santa Cruz Biotechnology Cat#sc-94

Mouse monoclonal anti-FLAG (clone M2) Sigma-Aldrich Cat#F1804

Mouse monoclonal anti-vimentin (clone VIM-

13.2)

Sigma-Aldrich Cat#V5255

Rabbit polyclonal anti-fibronectin Sigma-Aldrich Cat#F3648

Mouse monoclonal anti-actin (clone AC-15) Sigma-Aldrich Cat#A1978

Mouse monoclonal anti-atubulin (DM1A) Sigma-Aldrich Cat#T6199

Rabbit polyclonal anti-lamin A pS390 Merck Millipore Cat#ABT1388

Rabbit polyclonal anti-lamin A pS404 Merck Millipore Cat#ABT1387

Rabbit polyclonal anti-H3K27me3 Merck Millipore Cat#07449

Mouse monoclonal anti-H2AX pS139 (clone

JBW301)

Merck Millipore Cat#05-636

Mouse monoclonal anti-E-cadherin (clone 36) BD Biosciences. Cat#610182

Mouse monoclonal anti-53BP1 (clone 19) BD Biosciences. Cat#612522

Mouse monoclonal anti-HA antibody Biolegend Cat#MMS-101P

Rabbit polyclonal anti-Smad3 pS423/425 Invitrogen Cat#44-246G

Chemicals, peptides, and recombinant proteins

phalloidin (conjugated with Alexa Fluor-546) Invitrogen Cat#R415

Recombinant human TGFb R&D Systems Cat#240-B-002

Active recombinant human AKT1 Merck Millipore Cat#14-453

Active recombinant human AKT2 Merck Millipore Cat#14-339

MK2206 Selleckchem Cat#S1078

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

LY294002 Selleckchem Cat#S1105

DZNep Selleckchem Cat#S7120

PD98059 Cell Signaling Technology Cat#S1177

SP600125 Merck Millipore Cat#420128

SB23580 Calbiochem Cat#559389

Y27632 EMD Chemicals Cat#688000

Cytochalasin D Sigma-Aldrich Cat#C8273

ML-7 Sigma-Aldrich Cat#12764

Blebbistatin Sigma-Aldrich Cat#B0560

methylstat Sigma-Aldrich Cat#SML0343

SIS3 Santa Cruz Biotechnology. Cat#sc-222318

Critical commercial assays

Phos-Tag� Phosphoprotein Gel Stain ABP Biosciences. Cat#P005A

Experimental models: Cell lines

Human: A549 Dr. Sung-Liang Yu (National Taiwan University) N/A

Human: PANC-1 Dr. Sung-Liang Yu (National Taiwan University) N/A

Human: NCI-H358 Dr. Sung-Liang Yu (National Taiwan University) N/A

Human: MCF7 Yeun-Ting Hsieh (Taichung Veterans General

Hospital)

N/A

Human: Huh7 Dr. Ya-Hui Chi (National Health Research

Institutes)

N/A

Human: HEK293T ATCC CRL-3216

Recombinant DNA

Plasmid: HA-Smad2 Addgene Cat#11734

Plasmid: FLAG-Smad3 Addgene Cat#11742

Plasmid: HA-AKT2 Addgene Cat#16000

Plasmid: HA-AKT1 Dr. Chi-Ying Huang (National YangMing Chiao

Tung University)

N/A

Plasmid: FLAG-lamin A This paper N/A

Plasmid: pMD.G National RNAi Core Facility (Academia Sinica) https://rnai.genmed.sinica.edu.tw/vector.html

Plasmid: pCMV-DR8.91 National RNAi Core Facility (Academia Sinica) https://rnai.genmed.sinica.edu.tw/vector.html

Plasmid: pLKO-AS1-puro National RNAi Core Facility (Academia Sinica) https://rnai.genmed.sinica.edu.tw/vector.html

Software and algorithms

ZEN2 software Carl Zeiss N/A

Odyssey� CLx Imaging System LI-COR Biosciences N/A

Image J NIH https://imagej.nih.gov/ij/

EXCEL Microsoft N/A

GraphPad Prism GraphPad https://www.graphpad.com/features

Photoshop CS6 Adobe N/A

Illustrator CS6 Adobe N/A
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Lead contact

Further information on resources and reagents should be directed to the lead contact, Dr. Hong-Chen

Chen (hcchen1029@nycu.edu.tw).
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Materials availability

Materials generated in this study are available from the lead contact, Dr. Hong-Chen Chen (hcchen1029@

nycu.edu.tw).

Data and code availability

d All data will be shared upon reasonable request by the lead contact, Dr. Hong-Chen Chen (hcchen1029@

nycu.edu.tw).

d This paper does not report any original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture, treatment and transfection

A549 (human lung carcinoma) cells were cultured in RPMI1640 medium supplemented with 10% FBS and

antibiotics. HEK293T (human embryonic kidney cells), Huh7 (human hepatoma), MCF-7 (human mammary

adenocarcinoma), PANC-1 (human pancreatic carcinoma) and NCI-H358 (human lung carcinoma) cells

were cultured in DMEM medium supplemented with 10% FBS and antibiotics. Cells were incubated in hu-

midified conditions at 37�C and 5% CO2 and passaged before exceeding 90% confluency. TGFb (5 ng/ml)

and MK2206 (5 mM) were used to treat cells for indicated time in the figures. Transient transfection was per-

formed using Lipofectamine 2000 (Invitrogen).

METHOD DETAILS

Plasmids

For FLAG-lamin A, the human lamin A cDNAwas cloned into the pCMV-3Tag-3A plasmid using BamHI and

XhoI sites. The mutagenesis of FLAG-lamin A S22A, S390A, S392A or S404A was performed using the Quik-

change site-directed mutagenesis kit (Stratagene) and the desired mutations were confirmed by the di-

deoxy DNA sequencing. HA-AKT1 was kindly provided by Dr. Chi-Ying Huang (National Yang Ming Chiao

Tung University). HA-AKT2 (16000) HA-Smad2 (11734), and FLAG-Smad3 (11742) were purchased from

Addgene.

Lentivirus-mediated gene knockdown

The lentiviral expression system was obtained from the National RNAi Core Facility (Academia Sinica,

Taiwan). The target sequence for AKT1 was 50- GGACAAGGACGGGCACATTAA-30. The target sequence

for AKT2 was 50- CGGCTCCTTCATTGGGTACAA-30. The target sequence for Smad2 was 50- CCTAA

GTGATAGTGCAATCTT-30. The target sequence for Smad3 was 50- GAGCCTGGTCAAGAAACTCAA-30.
The target sequence for luciferase was 50-GCGGTTGCCAAGAGGTTCCAT-30 For the lentivirus production,

HEK293T cells were co-transfected with 0.25 mg pMD.G, 2.25 mg pCMV-DR8.91, and 2.5 mg pLKO-AS1-

puro-shRNA through Lipofectamine 2000. After three days, the medium with the viral particles was

collected and stored at �80�C. Cells were infected by lentiviruses for 24 h and subsequently selected

with puromycin (2 mg/mL) for 5 days before further analysis.

Immunofluorescence staining, microscopy, and image analysis

Cells were fixed with phosphate-buffered saline containing 4% paraformaldehyde (for 15 min), excepting

that for the staining of ATR, cells were fixed with 100% methanol (at -20�C for 10 min). Cells were permea-

bilized with 0.1% Triton X-100 (for 60 min) or 0.5% Triton X-100 (for 20 min) after methanol- or paraformal-

dehyde-fixation, respectively. The fixed cells were stained with primary antibodies for 1 h and then incu-

bated with Alexa Fluor 488- or 546-conjugated secondary antibodies or phalloidin for 1 h. Cells were

mounted on the slides withmountingmedium (Anti-Fade Dapi-Fluoromount-G, Southern Biotech). The im-

ages (2048x2048 pixels) were acquired using an upright fluorescence microscope (Axio imager, M2 Apo-

tome2 system, Carl Zeiss), which was equipped with 63x and 100x oil-immersion objective lens (1.4 NA,

Plan Apochromat) and a camera (ORCA-Flash4.0 V2; Hamamatsu). For Figure S8, images were acquired

by a Carl Zeiss LSM880 confocal microscope imaging system with a Zeiss Plan-Apochromat 63x/NA 1.4

oil immersion objective. The representative images were cropped by Photoshop CS6 (Adobe) and assem-

bled by Illustrator CS6 (Adobe).
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Measurement of nuclear deformation and circularity

The cells were fixed and stained for lamin A and DNA. The immunofluorescence images of nuclei were

taken by a microscope (Axio imager, M2 Apotome2 system, Carl Zeiss) with the 100x oil-immersion objec-

tive, and quantitated by the ZEN2 software (Carl Zeiss). Our criteria for nuclear crumpling are (i) a nucleus

has one concave with angle % 160� and (ii) a nucleus has two or more concaves, all of which have an angle

between 90� and 160�. Our criterion for nuclear lobulation is that a nucleus has two ormore concaves, any of

which has an angle%90�. The formula of 4p x area/perimeter2 was used to measure the nuclear circularity.
Live cell imaging

A549 cells were transiently transfected with the GFP-H2B plasmid and cultured in the presence or absence

of TGFb for 12 h. Cells were then incubated in a micro-cultivation system with temperature and CO2control

devices (Carl Zeiss). The cells were monitored on an inverted microscope (Axio Observer; Carl Zeiss) using

an EC Plan-NEOFLUAR 40 3 NA 0.75 objective. Images were captured every 10 min for 12 h using a digital

camera (ORCA-Flash4.0 V2; Hamamatsu) and were processed by the ZEISS ZEN2 image software.
Immunoblotting and immunoprecipitation

To prepare whole-cell lysates, cells were lysed on ice in RIPA buffer (0.1% SDS, 1% sodium deoxycholate,

1% NP-40, 150 mM NaCl, 50 mM Tris-HCl, 1 mM EDTA, pH 7.4) and the protein concentration was

measured using the Bradford protein assay reagent (Bio-Rad). For immunoprecipitation, cell lysates

(200 mg) were incubated with anti-FLAG antibody (1 mg) and protein A-Sepharose beads (GE Healthcare)

for 2 h at 4�C. The beads were washed with RIPA buffer for three times and resuspended in SDS sample

buffer for immunoblotting analysis. For immunoblotting, samples were subjected to SDS-polyacrylamide

gel electrophoresis and transferred to nitrocellulose membranes. Membranes were probed with indicated

primary antibodies and subsequently with secondary antibodies conjugated to horseradish peroxidase or

IR-780/680 iodide fluorescence dye, which were then scanned by the luminescence imaging system (LAS-

4000; Fujifilm) or the Odyssey� CLx Imaging System (LI-COR Biosciences), respectively.
In vitro kinase assay

His-tagged lamin A proteins were expressed inEscherichia coli (BL21) and the bacterial pellets were lysed in

extraction buffer (8 M Urea, 25 mM Tris, pH8.0 and 0.5 M NaCl) with pulsed sonication. The lysates were

centrifuged (at 14,000 3 g for 10 min at 4�C) and the supernatants were dialyzed with storage buffer

(25 mM Tris, pH8.0, 0.5 M NaCl, and 1 mM DTT). Recombinant His-lamin A protein (2 mg) was incubated

with 0.5 mg of active AKT1 (Merck Millipore, #14-453) or AKT2 (Merck Millipore, #14-339) in the kinase buffer

(25 mM Tris, pH7.4, 20 mM MgCl2 and 2 mM ATP) at 30�C for 20 min. The reaction was terminated by the

SDS sample buffer and analyzed by the immunoblotting.
Cell migration assay

A549 cells were collected, suspended in serum-free medium and subjected to the Neuro Probe 48-well

chemotaxis chamber (Cabin John, MD, USA). The lower chamber was loaded with serum-free medium with

type I collagen (10 mg/mL), containing with or without TGFb. The cells (1.25 x 104) in serum-free medium

were added to the upper chamber. The lower and upper chambers were separated by a polycarbonate mem-

brane (Poretics, Livermore, CA) with 5 mm pore size. The cells were allowed to migrate for 6 h at 37�C in a hu-

midified atmosphere containing 5% CO2. Themembranes were fixed with methanol and stained with 10%Gi-

emsa. The cells that migrated to the lower side of the membrane were counted under a light microscope.
QUANTIFICATION AND STATISTICAL ANALYSIS

Densitometric quantitation of the Immunoblotting images was performed using the NIH Image J software

or Odyssey� CLx Imaging System (LI-COR Biosciences). The immunofluorescence images were quanti-

tated by the ZEN2 software (Carl Zeiss). All values are presented as means G SD, except in Figures 6B,

6C, S7A and S7B, the means G SEM were presented for values. Data were obtained from three indepen-

dent experiments, and the numbers of the cells counted in the experiments were described in figure leg-

ends. Data analysis was performed by Excel or GraphPad Prism. The two-tailed Student’s t-test was used to

determine whether the differences between experimental values were significant. P < 0.05 was considered

statistically significant (*P<0.05, **P<0.01, ***P<0.001).
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