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Emerin deficiency drives MCF7 cells 
to an invasive phenotype
Emily Hansen 1,2, Christal Rolling 1,2, Matthew Wang 1,3 & James M. Holaska 1,2*

During metastasis, cancer cells traverse the vasculature by squeezing through very small gaps in the 
endothelium. Thus, nuclei in metastatic cancer cells must become more malleable to move through 
these gaps. Our lab showed invasive breast cancer cells have 50% less emerin protein resulting in 
smaller, misshapen nuclei, and higher metastasis rates than non-cancerous controls. Thus, emerin 
deficiency was predicted to cause increased nuclear compliance, cell migration, and metastasis. 
We tested this hypothesis by downregulating emerin in noninvasive MCF7 cells and found emerin 
knockdown causes smaller, dysmorphic nuclei, resulting in increased impeded cell migration. Emerin 
reduction in invasive breast cancer cells showed similar results. Supporting the clinical relevance of 
emerin reduction in cancer progression, our analysis of 192 breast cancer patient samples showed 
emerin expression inversely correlates with cancer invasiveness. We conclude emerin loss is an 
important driver of invasive transformation and has utility as a biomarker for tumor progression.

Keywords  Emerin, Nucleoskeleton, Metastasis, Breast cancer

Breast cancer metastasis is responsible for a majority of breast cancer-related deaths, making it a significant 
clinical concern1. For cancer to metastasize, cancerous tumor cells must first invade the extracellular matrix 
and then enter the vasculature by squeezing through small gaps in the vascular endothelium. To establish a 
metastatic tumor, these cells travel through the body and exit the vasculature by squeezing through these gaps 
in the endothelium to create satellite tumors1. These gaps in the endothelium are relatively small, ranging from 
1.2 to 2 microns in diameter2. Although the cytoplasm of cells may fit through gaps of this size, the nucleus 
serves as a physical barrier because it has a diameter of about 10–20 microns and a stiffness more than twice 
that of the cytoplasm3.

Nuclear morphology is well-established as an effective diagnostic tool in grading many cancers4. Changes in 
nuclear morphology and nuclear compliance, such as nuclear softening, is associated with tumor aggressiveness 
and metastasis5–7, and is recognized as a ‘hallmark of cancer’1,8. This nuclear softening that is associated with 
cancer progression allows for easier movement of cancer cells through tissues, and through the endothelial slits 
in the vasculature9. Nuclear and cellular stiffness are also regulated by the stiffness of the tumor microenviron-
ment (TME), caused by increased extracellular matrix (ECM) secreted by the tumor10. Nuclear softness promotes 
invasion and metastasis, as stiffening of these invasive soft cell populations has been shown to prevent invasion 
in breast cancer cells11.

Nuclear stiffness is governed by a complex set of nucleostructural proteins that serve as signaling molecules 
and scaffolds. For example, emerin, an inner nuclear membrane protein that binds to lamins, is also responsible 
for regulating nuclear structure12–14. Interestingly, emerin is reported to be mutated in cancers, specifically in 
its nucleoskeletal binding domain13. We previously showed that triple-negative breast cancer (TNBC) cell lines 
have significantly less emerin expression than their non-cancerous controls14. This decreased emerin expression 
correlated with decreased nuclear size and increased migration and invasion14. Expressing GFP-emerin rescued 
these deficits, while GFP-emerin mutants that failed to bind nuclear actin and lamins were unable to rescue 
nuclear size, migration, or invasion14. In mice, we found that expressing wildtype GFP-emerin in MDA-231 
cells decreased primary tumor size and lung metastasis compared to MDA-231 cells expressing GFP14. GFP-
emerin mutants that blocked binding to nuclear actin or lamins failed to inhibit tumor growth and metastasis 
in MDA-231 cells, demonstrating that emerin’s function in metastatic spread is likely dependent on its role in 
regulating the nucleoskeleton14. On the other hand, emerin mutants that blocked emerin’s interactions with its 
non-structural binding partners, including barrier-to-autointegration factor (BAF) and Lim-domain only 7 
(Lmo7), did rescue such phenotypes14.
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Emerin is also implicated in prostate, hepatocellular, and lung cancers. Emerin expression inhibits metastasis 
in prostate cancer15, supporting emerin’s involvement in metastatic disease. Conversely, without such expres-
sion of emerin, nuclei in prostate and breast cancer cell lines exhibited decreases in circularity and increases in 
deformity and migration15–17. Hepatocellular carcinoma cells (HCC) downregulated for emerin had significantly 
increased cell migration and invasion compared to control HCC cells16,17. In an additional study, decreases in 
emerin protein expression were also seen in 38% of ovarian cancers, and the decrease in emerin expression 
contributed to increased nuclear deformity marked by nuclear envelope structural defects and altered nuclear 
reorganization post-mitosis18,19. Interestingly, reduction of emerin protein levels was also associated with epi-
thelial to mesenchymal transition20. Thus, we predicted that emerin reduction may drive invasive phenotypes.

While these findings show that emerin has a role in metastatic disease via its nucleoskeletal interactions, they 
fail to ascertain whether reduced emerin protein expression is sufficient to reduce nuclear structure and increase 
cell migration and invasion, or if the reduced emerin expression was a result of the invasive transformation of 
MDA-231 cells. Thus, we tested if downregulating emerin in non-invasive cells is sufficient to convert them to a 
more invasive phenotype, similar to that of MDA-231 cells. Here, we show that knocking-down emerin in poorly 
invasive MCF7 cells does promote migration and is accompanied by smaller, more deformed nuclei, suggesting 
a critical link between emerin protein reduction and metastatic properties of cancer cells.

Results
To examine the effect of emerin downregulation on MCF7 cells, we generated MCF7 cell lines expressing either 
one of three different emerin shRNA sequences (A, B, C) or a scrambled shRNA sequence (Genecopoeia). We 
found emerin shRNA A reduced emerin protein to 39 ± 0.087% of MCF7 levels, emerin shRNA B and scram-
bled shRNA failed to reduce emerin expression, and emerin shRNA C reduced emerin protein expression to 
42 ± 0.105% of MCF7 levels (Fig. 1). Emerin shRNA sequence B serves as our control (now named con shRNA) 
because it failed to reduce emerin protein expression. Monitoring emerin mRNA by qPCR showed emerin mRNA 
levels are also down in emerin shRNA A, but not emerin shRNA B (Figure S1A). Thus, unless otherwise noted, 
the experiments using MCF7 cells were done using emerin shRNA B as the control (con shRNA), and emerin 
shRNA A (emerin shRNA)14.

To test if emerin reduction caused reduced nuclear size, we measured the nuclear area of MCF7 cells, 
MCF7 con shRNA cells, MCF7 scrambled shRNA cells, and MCF7 emerin shRNA cells using the ImageJ 
ParticleAnalyzer plug-in (see methods). Nuclear areas for MCF7 cells were 119.1 ± 2.799 µm2, MCF7 con-
shRNA was 102.6 ± 2.626 µm2, MCF7 scrambled shRNA was106.1 ± 1.890 µm2, and MCF7 emerin shRNA was 
78.04 ± 1.975 µm2. Thus, reduction of emerin protein expression caused MCF7 cells to reduce nuclear size by 35% 
(Fig. 2B), while con shRNA and scrambled shRNA had minimal effects on nuclear area (14% and 11% decrease, 
respectively). It was possible that decreased nuclear area was caused by rounding of the nuclei, without a change 
in nuclear size. Thus, nuclear volume was measured in 25 or more nuclei per cell line. Nuclei from MCF7 and 
con shRNA cell lines were 528.9 ± 16.7 µm3 and 478.4 ± 18.49 µm3, respectively (Fig. 3A,B). Emerin knockdown 
reduced nuclear volume to 369.1 ± 15.62 µm3 (Fig. 3A,B,) showing emerin deficiency reduced nuclear size. To 
test whether nuclear structure itself was being altered, we also generated 3D renderings of nuclei from each cell 
line and measured nuclear curvature for easy visualization. To analyze local membrane curvature of nuclei, we 
used the LimeSeg plugin for Fiji21. Using LimeSeg, we created three dimensional renders of the nuclei and then 

Fig. 1.   Emerin protein expression in MCF7, scrambled shRNA, and MCF7 emerin shRNA-transfected cell 
lines. (A) Representative western blot and (B) quantification of MCF7, scrambled shRNA, and three emerin 
shRNA cell lines normalized to γ-tubulin. *P = 0.0108, **P = 0.0061, N = 10–13, One-way ANOVA followed by 
Dunnett’s multiple comparison.
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calculated the gaussian and mean curvature at 0.5 nm intervals across the surface. From this, we calculated the 
fraction of points that had both a positive gaussian curvature and negative mean curvature, which indicates a 
“concave” surface (Fig. 3C). To measure nuclear deformity itself, nuclei were also measured, determining the 
proportion of nuclei with and without visible indentations and bulges. We found an increase in nuclear deform-
ity in the emerin shRNA lines, where 44% of nuclei had visible deformity compared to the 22% deformity in 
MCF7 cells alone (Fig. 3D). Thus, nuclei in the emerin-deficient MCF7 cells were smaller and more dysmorphic 
than controls.

Trans-well migration assays were done to test if these nuclear changes in emerin-downregulated MCF7 cells 
increased impeded migration. Emerin-downregulated MCF7 cells increased migration through 8 µm trans-well 
pores with 74.93 ± 8.131 cells/field, whereas MCF7 cells, MCF7 con shRNA cells, and MCF7 scrambled shRNA 
cells showed 23.33 ± 2.58 cells/field, 32.93 ± 2.533cells/field, and 32.93 ± 2.53 cells/field, respectively (Fig. 4A,B). 
This was a 3.20-fold, 2.82-fold, and 2.28-fold increase in impeded migration when compared to MCF7, MCF7 
con shRNA, and MCF7 scrambled shRNA cells, respectively (Fig. 4A,B). To separate the nuclear structural 
aspects of impeded migration from the more generalized signaling and cytoskeleton reorganization associated 
with responding to migratory cues, we tested unimpeded migration in scratch-wound assays. These emerin 
shRNA cells did not show a difference when measuring unimpeded migration with scratch wounds (Fig. 4C,D).

We then tested whether triple-negative breast cancer cells, which already express 50% less emerin compared 
to normal breast cells14 and are highly invasive, would become more invasive when emerin protein expression 
is reduced further. We transfected our MDA-231 cells with the same emerin shRNA plasmids as the MCF7 cells 
above to create stable MDA-231 cell lines. We found MDA-231 emerin shRNA lines did reduce emerin further 
by 50 ± 0.110% (Fig. 5B,C) compared to MDA-231 cells. Emerin mRNA levels were also reduced compared to 
control shRNA and scrambled shRNA (Figure S1B). However, neither nuclear area (Fig. 5A,C,D) nor nuclear 
volume (Fig. 6A,B) decreased in emerin shRNA cell lines. As with Fig. 3, we also tested concavity (Fig. 6C) 
and deformity (Fig. 6D) in these cells. We found an increase in nuclear deformity in the emerin shRNA lines, 
where 86% of nuclei had visible deformity compared to the 68% deformity in MDA-231 cells alone (Fig. 6D). 
Thus, nuclei in the MDA-231 cells with further emerin-depletion were smaller and more dysmorphic than con-
trols. This increased nuclear deformation coincided with increased migration of emerin shRNA MDA-231 cells 
through 8-micron trans-well pores compared to the control (Fig. 7A,B), as emerin-downregulated MDA-231 
cells increased migration through 8 µm trans-well pores with 25.67 ± 1.879 cells/field, whereas MDA-231 cells 
and MDA-231 con shRNA cells had 20.87 ± 1.959 cells/field and 25.65 ± 1.879 cells/field, respectively (Fig. 7A,B). 
Downregulation of emerin had no effect on unimpeded migration (Fig. 7C,D).

Because emerin was implicated in regulating proliferation of MDA-231 cells14, we examined cell prolifera-
tion in MCF7 cells, emerin-downregulated MCF7 cells and con shRNA MCF7 cells to test if emerin deficiency 
increased MCF7 proliferation. Emerin downregulation increased cell proliferation. There was a 2.5-fold increase 
in cell proliferation by day 6 in emerin shRNA MCF7 cells compared to the con shRNA MCF7 cells via the Presto-
Blue cell viability assay (Fig. 8A). Similar results were seen in MDA-231 emerin shRNA cells, in which there was 
a 2.5-fold increase in proliferation by day 6, compared to MDA-231 con shRNA cells (Fig. 8B). It is important 
to note that these assays do have approximately a two-day lag time in growth before seeing such effects, which 
is consistent with other published cell cycle data22,23.

Fig. 2.   Reducing emerin in MCF7 cells decreased nuclear area. (A) Representative DAPI images of MCF7, 
control shRNA, emerin shRNA, and scrambled shRNA cell lines, which were used to measure nuclear area. (B) 
Violin plot of nuclear area of MCF7, control shRNA, emerin shRNA, and scrambled shRNA MCF7 cells (N > 50 
nuclei). The mean is depicted as the dark dashed line and the thin dashed lines represent the first and third 
quartiles. *P < 0.0001, one-way ANOVA followed by Dunnett’s multiple comparison.
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These data strongly suggest that loss of emerin drives invasive cancer progression. Further, we previously 
found that emerin protein expression was decreased in a small sample of breast cancer patients14. To rigorously 
determine if emerin protein expression inversely correlates with cancer invasiveness in patients, we analyzed 
emerin expression on 216 patient samples by immunohistochemistry with emerin antibodies (10351-1-AP, 
Proteintech) on a tissue microarray (TissueArray, LLC). This array contained breast cancer tumor samples from 
a range of types, stages, and grades (Table S1). Each tumor was assessed for emerin expression at the nuclear 
envelope (NE grade) based on the amount of emerin staining at the nuclear periphery; this accounts for both 
protein expression and normal localization13. The grader was blinded to sample identifiers. After excluding tissue 
samples that were unable to be analyzed (i.e., damaged or folded tissues), we were able to analyze 159 samples 
and 12 secondary only control samples. We found emerin expression at the nuclear envelope is lower in meta-
static tissue, ductal carcinoma in-situ tissue, and malignant tissue, while normal, adjacent-to-cancer normal, or 
benign tumor tissue had normal emerin expression at the nuclear envelope (Fig. 9A,B). Compared to normal 

Fig. 3.   Emerin reduction decreases nuclear volume and increases nuclear bulges and indentations in MCF7 
cells. (A) Representative confocal images of DAPI-stained nuclei from MCF7, control shRNA, and emerin 
shRNA lines. (B) Violin plots of nuclear volumes (N > 15 nuclei for each) of MCF7, control shRNA, and emerin 
shRNA MCF7 cell lines. The mean is depicted as the dark dashed line and the thin dashed lines represent the 
first and third quartiles. *P < 0.0001, one-way ANOVA followed by Dunnett’s multiple comparison test. (C) 3-D 
rendering of z-stacks from representative nuclei in B showing the concavity and convexity of the nuclei. Red–
orange indicates a concave surface and green indicates a convex surface. (D) The proportion of deformed nuclei 
in MCF7, con shRNA, and emerin shRNA MCF7 cells.
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tissues with an average NE grade of 2.15 ± 0.1948, both invasive tissues (1.354 ± 0.0983) and metastatic tissue 
(0.6944 ± 0.1303) had significantly less emerin staining. To validate these results, we used a different emerin 
antibody from a different species (cat# NCL-Emerin, Leica) to stain an identical tissue microarray, which gave 
similar results in 183 samples of the same host tissue and 12 secondary control samples (Fig. 9C,D). Normal 
tissues had an average NE grade of 2.82 ± 0.055 (Fig. 9A,B). Meanwhile, metastatic tissue measured 1.128 ± 0.18 
(Fig. 9A,B) or 0.6944 ± 0.1303 (Fig. 9C,D), depending on the antibody used. The discrepancy of tissue sample 
numbers is due to the quality and composition of the samples received. For example, the first trial’s samples 

Fig. 4.   Reducing emerin in MCF7 cells increases impeded migration. (A) Violin plot of the number of cells 
migrating through 8 µm trans-well pores is shown for MCF7, control shRNA, emerin shRNA, and scrambled 
shRNA cell lines (n = 5 fields). The mean is depicted as the dark dashed line and the thin dashed lines represent 
the first and third quartiles. *P < 0.0001, one-way ANOVA followed by Dunnett’s multiple comparison. (B) 
Representative DAPI images of the cells that successfully migrated in the trans-well assays in A. (C) Scratch-
wound healing assay. MCF7, control shRNA, emerin shRNA, and scrambled shRNA MCF7 cell lines were 
plated, scratched with a pipette tip, and their migration into the wound area was monitored over three days. 
Representative phase images are shown. (D) The rate of scratch wound healing, which refers to the ability of cells 
to migrate into the wound area is shown with standard error of the mean. Two-way ANOVA did not identify 
significance.



6

Vol:.(1234567890)

Scientific Reports |        (2024) 14:19998  | https://doi.org/10.1038/s41598-024-70752-5

www.nature.com/scientificreports/

contained a larger proportion of tissues comprised largely of connective tissue/ECM and others had folds in the 
tissues, leaving them unable to be included in analysis. Note that similar to the results with the emerin polyclonal 
antibody, emerin nuclear envelope levels were trending lower in DCIS, but more samples are needed to increase 
statistical power. To confirm that these results were emerin-specific, we stained this tissue microarray with just 
secondary antibody to account for background staining (Figs. 9A,C).

Discussion
It has been established for decades that the presence of abnormal nuclear structure could help distinguish tumor 
cells from normal cells and to grade tumors24. Yet, the contribution of these nuclear alterations to malignant 
transformation is unclear. Here, we show that downregulating emerin in non-invasive MCF7 cells was sufficient 
to decrease nuclear size, to increase nuclear deformation, and to increase impeded cell migration. Such qualities 
are indicative of invasive cancers13,25. This data is consistent with previously published work, in which overex-
pressing emerin in TNBC lines MDA-157 and MDA-231, which have 50% less emerin than normal breast cells, 
increased nuclear structure and inhibited impeded migration13. Importantly, the phenotypes seen by treatment 
with emerin shRNA were not due to the presence of the shRNA vector or cell line selection conditions because 
the cells containing either con shRNA or scrambled shRNA had similar phenotypes as MCF7 cells. Thus, we 
conclude that loss of emerin is crucial for transforming benign tumor cells to a more invasive phenotype. Consist-
ent with our results, reduction in emerin also correlated with nuclear softening in melanoma cells26, something 
that is well-established to correlate with rates of invasiveness and metastasis27,28.

It is possible that the increased impeded migration is not due solely to changes in nuclear structure. A contri-
bution may be caused by a disruption in mechanical signaling from the cytoplasm to the nucleus via emerin, as 
multiple labs have shown that disrupting the linker of nucleoskeleton and cytoskeleton (LINC) complex impairs 
cells’ ability to migrate22,29,30. We predict the reduced functional interaction between emerin and the LINC 

Fig. 5.   Reducing emerin in MDA-231 lines fails to affect nuclear size. (A) Representative western blot of emerin 
and γ-tubulin (loading control) in MDA-231, control shRNA, and emerin shRNA cell lines and (B) quantitation 
of the western blots, N = 5. P = 0.0018. (C) Representative images of nuclei in MDA-231, control shRNA, 
and emerin shRNA stable cell lines that were used to measure nuclear area. (D) A violin plot of nuclear area of 
MDA-231, control shRNA, and emerin shRNA MDA-231 cell lines. The mean is depicted as the dark dashed 
line and the thin dashed lines represent the first and third quartiles *P < 0.0006, N > 50 nuclei; one-way ANOVA 
followed by Dunnett’s multiple comparison test.
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Fig. 6.   Reducing emerin in MDA-231 cells fails to decrease nuclear volume but increases nuclear deformations. 
(A) Representative confocal images of DAPI-stained nuclei from MDA-231, control shRNA, and emerin shRNA 
MDA-231 cell lines. (B) Violin plots of nuclear volumes (N > 15 nuclei for each) of MDA-231, control shRNA, 
and emerin shRNA cell lines. The mean is depicted as the dark dashed line and the thin dashed lines represent 
the first and third quartiles. No significant differences were seen using one-way ANOVA. (C) Representative 
images of convexity and concavity of nuclei in the respective cell lines. Red–orange indicates concave surface 
and green indicates a convex surface. (D) Fraction of nuclei with and without deformities for MDA-231, control 
shRNA, and emerin shRNA cell lines.
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Fig. 7.   Reducing emerin in MDA-231 cells increases their impeded migration. (A) A violin plot of the number 
of cells migrating through 8 µm trans-well pores is shown for MDA-231, control shRNA, emerin shRNA, 
and scrambled shRNA MDA-231 cell lines (N = 5 fields). The mean is depicted as the dark dashed line and 
the thin dashed lines represent the first and third quartiles. *P < 0.0037 compared to control shRNA, one-way 
ANOVA followed by Dunnett’s multiple comparison; 3 biological replicates were used for each cell line. (B) 
Representative DAPI images of the cells that successfully migrated in the trans-well assays in A. (C) Scratch-
wound healing assay. MDA-231, control shRNA, emerin shRNA, and scrambled shRNA MDA-231 cell lines 
were plated, scratched with a pipette tip, and migration into the wound area was monitored every 2 h for 8 h. 
Representative phase images are shown. (D) The rate of scratch wound healing, which refers to the ability of cells 
to migrate into the wound area, is shown with SEM. Two-way ANOVA was used, and no significant differences 
were seen.
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complex in these cells may contribute to the migration phenotype. Interestingly, LINC dysregulation is implicated 
in cancer progression and metastasis31–34. In breast cancer patients, SUN1/2 and nesprins are downregulated35 
and disruption of LINC signaling reduces nuclear F-actin36, decreases nuclear size37, alters MKL1 transcription38, 
and modulates epithelial-mesenchymal transition39. Since emerin binds directly to SUN1, is a major effector of 
LINC signaling40–43, and modulates metastasis14, we postulate that the loss of interaction between emerin and 
LINC is critical for enabling metastatic transformation.

Our previous work showed that the interaction of emerin with the nucleoskeleton was important for blocking 
metastasis13. However, this study did not directly test which emerin interactions were important in the MCF7 
model, so it is possible that its interactions with its other binding partners may also be playing a role. For example, 
emerin also binds to histone deacetylase 3 (HDAC3), Barrier-to-Autointegration Factor (BAF), and transcription 
factors such as Germ Cell-Less (GCL) and β-catenin, which affect the expression of their target genes13. Specific 
to cancers, GCL has roles in regulating cell proliferation and binds the protein GAGE, which is reported to be 
upregulated in cancers44,45. β-catenin is also involved in proliferation, and decreasing emerin showed an increase 
in β-catenin and a resulting increase in proliferation46, which is relevant in cancer progression. High expression 
of β-catenin reportedly correlates with poor patient prognosis in breast cancer47. BAF is involved in DNA repair 
and post-translational modifications, such as recruiting chromatin regulators to the inner nuclear envelope. BAF 
mutations impair nuclear envelope assembly, where both emerin and lamin A are unable to assemble properly 
post-mitosis48, which could contribute to the nuclear dysmorphism seen in cancer cells.

Knocking down emerin in MDA-231 cells did not affect nuclear area. MDA-231 cells are highly invasive 
TNBCs that also have 50% less emerin than normal primary breast epithelial cells, MCF10A cells14, and MCF7 
cells (Figure S2). We propose that the MDA-231 nucleus is already at is minimal size, given nucleoplasmic, chro-
matin, and nuclear membrane constraints, so further reduction of emerin has no effect on nuclear size. Rather, 
emerin reduction increases the compliance of the nucleus to make it more malleable.

Consistent with these results showing emerin-deficiency drives cancer cell invasiveness, our blinded analysis 
of 216 breast cancer patient samples showed that lower emerin levels correlated with increased aggressiveness. 

Fig. 8.   Reduction of emerin increases cell proliferation in MCF7 and MDA-231 cells. (A) Growth curves of 
MCF7, emerin shRNA MCF7, and control shRNA MCF7 cells, as shown by measuring metabolic activity with 
Presto Blue Cell Viability Reagent (Life Technologies, cat#: A13261) per manufacturer’s instructions. Mean 
data plotted with SEM; N = 3 biological replicates. * indicates a difference between MCF7 + emerin shRNA and 
MCF7 cells (*P < 0.05)), as determined by two-way ANOVA and Dunnett’s test. (B) Growth curves of MDA-231, 
emerin shRNA MDA-231, and control shRNA MDA-231 cell lines as determined using Presto Blue. Mean data 
plotted with SEM; N = 3 biological replicates. * indicates a significant difference between MDA-231 + emerin 
shRNA and MDA-231 cells (*P < 0.05), as determined by two-way ANOVA and Dunnett’s test.
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These results support a model by which emerin downregulation occurs in a cell population within a growing 
tumor. These cells would then be selected during tumor evolution because of their increased proliferation and 
increased nuclear compliance, which allows them to be more invasive. This increased invasiveness enables the 
cells to invade the extracellular matrix and squeeze through the vascular endothelium to promote increased 
cancer cell survival and metastasis. Supporting our results, recent studies in prostate15 and ovarian cancer19, 
found that patients have decreased emerin and that this decreased emerin contributes to higher nuclear deform-
ity and invasion15.

We are aware that emerin levels do not always inversely correlate with nuclear size across all cell types28,49. 
However, increased nuclear deformation and increased compliance in emerin-deficient cells seem to be shared 
across many cell types49. Whether the cell-type specificity of emerin reduction in nuclear size are caused by dif-
ferences in cytoskeletal forces pushing more (to induce smaller nuclei) or less (to allow for nuclear expansion) 
on the nuclei, or on limiting amounts of nuclear envelope lipid components, nuclear pore complex proteins, or 
other nuclear envelope proteins, remains to be determined.

Collectively, these data demonstrate that emerin is critical for maintaining nuclear structure and rigidity, the 
loss of which makes nuclei more compliant. Based on our data, we suggest a model by which emerin expression 
is necessary for maintaining nuclear structure under cellular stress. Therefore, loss of emerin, such as in cancer, 

Fig. 9.   Reduced emerin expression at the nuclear periphery correlates with breast cancer invasiveness in 
patients. (A) Representative tissue microarray staining of emerin in 159 patients using emerin polyclonal 
antibodies (Proteintech, cat# 10351-1-AP) or secondary alone (Vector Lab, cat#: MP-7451). Nuclei are blue, 
emerin is brown, and arrows denote emerin staining in certain images for reference. As severity of cases 
increases, there is a visible reduction in emerin expression at the nuclear envelope and more deformed nuclei 
are present. (B) Quantification of emerin staining on IHC-stained patient samples using 0–3, with 0 having 
no staining at the nuclear periphery and 3 having complete, dark rim staining. N = 159 total samples, *P < 0.05 
compared to normal tissue, one-way ANOVA and Dunnett’s test. Error bars represent standard deviation. (C) 
Representative tissue microarray staining of emerin in 183 patients using emerin monoclonal antibodies (Leica, 
NCL-Emerin) or secondary alone (Vector Lab, cat#: MP-7452) using the same samples used in A. Nuclei are 
blue and emerin is brown. As aggressiveness of cases increases, there is a visible reduction in emerin expression 
and more deformed nuclei are present. (D) Quantification of emerin staining using the 0 to 3 grading system. 
N = 183 total samples #P < 0.02 compared to all non-cancerous tissue, *P < 0.0062 compared to both normal and 
benign tissue, one-way ANOVA and Dunnett’s test. Error bars represent standard deviation.
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contributes to increased nuclear compliance, further driving tumor cell aggressiveness, invasiveness, and meta-
static transformation (Fig. 10).

By further investigating emerin’s role in breast cancer progression, targetable treatments for even the most 
invasive breast cancer types, such as triple-negative breast cancer, may be revealed. To further study this phenom-
enon, it will be necessary to determine how additional breast cancer subtypes respond to further emerin depletion 
and how depleted emerin cell lines behave in 3-D culture, which would more closely represent the 3-D tumor 
microenvironment. Ultimately, testing the emerin-downregulated cells used in this study in breast cancer mouse 
models to determine if a reduction in emerin increases tumor formation or metastasis in vivo will be needed. 
However, cancer cells are not the only type of cells with low levels of emerin. For example, neutrophils also have 
low levels of emerin50 compared to other cell types, and therefore it would also be of interest to investigate this 
phenomenon in non-cancerous cells with reduced emerin to determine if these results are generalizable across 
cell types. As emerin has been shown to participate in a wide range of cellular functions13, it is also possible that 
emerin may have different functions in different cell types, which remains to be determined.

Materials and methods
Cell culture
MDA-231 (ATCC cat#: HTB-26) and MCF10A (ATCC cat#: CRL-10317) were purchased from American 
Type Culture Collection (ATCC, Manassas, VA). MCF7 cells (ATCC cat#: HTB-22) were obtained from Mary 
Alpaugh’s lab (Rowan University, Camden NJ). The MDA-231 and MCF7 cells were grown in Dulbecco’s Modified 
Eagle Medium + GlutaMAX (Gibco cat#:10566024) with 10% Fetal Bovine Serum (Gibco, cat#: 16140089) and 
1% Penicillin/Streptomycin. MCF10A cells were grown in Ham’s F-12 (Modified) + L-glutamine media (Corning, 
cat#: 10-080-CV) with 5% horse serum (Gibco/Life Technologies, cat#: 16050-130), 0.5 mg/ml hydrocortisone 
(ThermoFisher Scientific, Waltham, MA, cat#: AC35245–0010), 100 ng/ml cholera toxin (MilliporeSigma, Burl-
ington, MA, cat#: 227036), 10 μg/ml Insulin (Sigma-Aldrich, St. Louis, MO, cat#: 10516), and 1% Penicillin/
Streptomycin. All cells were grown at 37 °C and 5% CO2. Mycoplasma testing is done bimonthly using the 
MycoStrip 100 kit (InvivoGen, cat#: rep-mysnc-100).

Creating stable cell lines
All cell lines were transfected or electroporated with 2 ng/μl of each of emerin shRNA A, B, or C, (HSH095287-
LVRU6MH, 3 pack, Genecopoeia) or the scrambled shRNA sequence (CSHCTR001-LVRU6MH, Genecopoeia). 
Specifically, scrambled shRNA and emerin shRNA C were electroporated into MCF7 cells using the Neon Elec-
troporation System (Invitrogen). MCF7 cells were resuspended at a concentration of 2 × 105 cells per 100 μl in 
buffer “R” provided with the Neon Kit, per manufacturer instructions. Electroporation was done using 1,400 V 
for 10 ms for 4 pulses with the 100 μl NeonTips. Cells were plated in 6-well plates of DMEM + GlutaMAX 
(Gibco) + 10% FBS without penicillin/streptomycin for 24 h before being treated with 1% penicillin/streptomycin 
in complete media. Lipofectamine 3000 (cat# L3000015, Invitrogen) was used to transfect emerin shRNA A and 
emerin shRNA B into MCF7 cells. Lipofectamine 3000 was used to transfect MDA-231 cells with scrambled 
shRNA, emerin shRNA A, emerin shRNA B and emerin shRNA C. For Lipofectamine 3000 transfection, cells 
were seeded in a 6-well plate at 70% confluency and transfected with 5 µl of Lipofectamine 3000 per reaction. 
All MCF7 and MDA-231 scrambled shRNA and emerin shRNA stable cell lines were selected by treating with 
0.2 mg/ml hygromycin (cat#K547-20 ml, VWR) after 72-h post transfection. MCF7 and MDA-231 cell lines were 
maintained at 0.8 mg/ml and 0.2 mg/ml of hygromycin after cell line purification, respectively.

qPCR analysis
RNA was isolated using the RNeasy® Plus Mini Kit (cat # 74134, Qiagen) according to manufacturer instructions. 
Cells were collected from confluent 10 cm cell culture plates without selection antibiotic. qPCR was completed 
using Thermo Scientific Verso 1-Step qRT-PCR kit, SYBR Green, low ROX kit (cat #AB4106C, Thermo Fisher) 
according to manufacturer instructions, using 1 ng final concentration of the respective RNA template. qPCR 
primer sets for human emerin (#347828030), and human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
(#345874144) were obtained from Integrated DNA Technologies (IDT) and added to the reaction at a final con-
centration of 1 µM. 40 qRT-PCR cycles were completed on the Quantstudio ™ 7 Pro System by Thermo Fisher 
Scientific.

Fig. 10.   Graphical hypothesis demonstrating the effect of emerin levels on the progression of metastatic disease.
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Immunofluorescence, volume, and nuclear area measurement
Cell lines were plated on coverslips at approximately 100,000 cells/coverslip and placed in 6-well plates. Cells were 
rinsed three times with 2 ml of PBS for 5 min and fixed with 3.7% formaldehyde in PBS for 15 min. Coverslips 
were washed again three times and permeabilized in 2 ml of 0.2% Triton X-100 in PBS for 24 min. Cells were 
blocked for 1 h in 2 ml of 3% BSA in PBS (VWR, cat#: 97063-624). Cells were then washed three times with 
2 ml of PBS for 5 min each and mounted with Prolong Diamond Antifade Mountant (Molecular Probes, cat#: 
P36971). Slides were imaged using either the Evos FL Auto Microscope using a 40 × objective or Nikon confocal 
with 100 × objective. Nuclear area was measured via Image J ParticleAnalyzer plugin. Images were transformed 
into a binary image where ParticleAnalyzer could then measure each nucleus. Nuclei on the edges of the image 
or touching other nuclei were excluded. Nuclear volume was measured via ImageJ FIJI 3D Objects Counter 
Plugin following the same parameters. Statistical significance was determined via one-way ANOVA followed by 
Dunnett’s multiple comparison test, where applicable.

Concavity measurements
Concavity was measured via the LimeSeg plugin for Fiji as outlined in Machado et al.13. Using the plugin’s 
“sphere seg” command, we created three dimensional renders of the nuclei taken at 100 × in a z-stack (Nikon) 
with 0.5-micron steps. Then, using the “ComputeCurvatures” and “DisplayCurvatures” scripts in the plugin, 
we calculated the mean curvature at each point along the surface at 0.5 nm intervals, and displayed regions of 
positive mean curvature in green and regions of negative mean curvature in red. Statistical significance was 
determined via one-way ANOVA followed by Dunnett’s multiple comparison test, where applicable. A mini-
mum of 15 nuclei were rendered and measured. Deformity was determined by visually checking each nucleus 
for regions that deviated from a spheroid or ellipsoid geometry. Any nuclei found to have such deviations were 
counted as deformed, while nuclei that were globally convex were counted as non-deformed. The final numbers 
of non-deformed and deformed nuclei were determined and graphed.

Trans‑well migration assays
Trans-well inserts with 8-micron pores (Falcon, Cat#: 353097) were used for cell migration. Cells were plated 
in the chamber at a density of 1.5 × 105 in serum-free media. Chambers were placed in 24-well plates containing 
complete growth media. After 24 h, cells that failed to migrate through the trans-well were wiped off the top of 
the membrane and the cells on the bottom of the membrane were fixed for 15 min with 3.7% formaldehyde in 
PBS. The membranes were then washed 3 times in 750 µl of PBS for 5 min and treated with 750 µl of 0.5% Triton 
X-100 for 20 min to permeabilize membranes. The membranes were then washed a final three times with PBS 
and removed and mounted, cell-side down, with Prolong Diamond Antifade Mountant (Molecular Probes, cat#: 
P36971). Cells that migrated through were counted (five fields on the Evos FL Auto Microscope, 40 × objective) 
after allowing the mountant to dry overnight. Statistical significance was determined via one-way ANOVA fol-
lowed by Dunnett’s multiple comparison test, where applicable. At least three biological replicates were done 
for each cell type.

Scratch wound assays
Each of the MCF7 and MDA-231 cell lines was grown to confluency in 12-well plates. A 1 mm scratch was made 
in each well. Plates were marked to ensure images were taken at the same location at each timepoint. Images 
were taken until the wound closed entirely on the Evos FL Auto Microscope using the 40 × objective. Statistical 
significance was determined via one-way ANOVA. 3 biological replicates were done for each cell line.

Cell proliferation
Cell proliferation analysis was completed using the PrestoBlue Cell Viability reagent (Life Technologies, cat#: 
A13261) per manufacturer’s instructions. Proliferation was analyzed by plating 2 × 104 cells of each cell line in a 
96-well plate and cell growth was monitored every 24 h for 7 days after plating. At least three biological replicates 
were done for each cell line.

Western blots
Whole cell lysates were suspended in NuPAGE LDS Buffer (LifeTechnologies, cat#: NP0008) with reducing agent 
(LifeTechnologies, cat#: NP0009). Samples were resolved by 10% SDS-PAGE gels (materials from Bio-Rad) and 
transferred to nitrocellulose membranes (GE Healthcare, Cat#: 10600004). Membranes were blocked in 5% 
nonfat dry milk (Giant brand) in PBST for two hours. Primary emerin (Protein-tech, cat# 10351-1-AP, 1:3,000 
dilution) and γ-tubulin (Sigma, cat# T6557, 1:25,000 dilution) antibodies were incubated overnight with rock-
ing at 4 °C and secondary antibodies (goat anti-rabbit [cat# 31462, Invitrogen, 1:10,000 ] or goat anti-mouse 
[cat#31432, Invitrogen, 1:10,000] IgG H&L cross absorbed HRP) were incubated for 2 h at room temperature. 
Emerin protein expression was normalized to γ-tubulin protein expression for quantification. Western blots were 
imaged on the Li-COR Odyssey FC. Statistical significance was determined via one-way ANOVA.

Immunohistochemistry and tissue microarray analysis
Tissue microarrays (TissueArray, LLC, cat# BR2082c for emerin-stained samples and cat# BR087e for secondary-
only tissue) were deparaffinized and rehydrated in coplin jars (5 min in xylene three times, 3 min in 100% EtOH 
three times, 3 min in 95% EtOH three times, 3 min in 80% EtOH, 3 min in 70% EtOH, and 5 min in distilled 
water) prior to being placed in citrate buffer (0.05% Tween 20, 10 mM citric acid at pH 6.0) and steamed at 95 °C 
for 45 min. Slides were cooled at RT and washed with PBS. Endogenous peroxidase was removed by washing 
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with 0.3% hydrogen peroxide for 20 min at room temperature in coplin jars. After washing again with PBS, 
slides were blocked in 1% Bovine Serum Albumin (VWR, cat#: 97061-420) in PBS for 15 min. Slides were then 
incubated with anti-emerin antibody (Proteintech, cat#: 10351-1-AP, 1:500 dilution) for two hours at 37 °C in a 
humidified chamber. Slides were washed again with PBS and blocked with 2.5% Normal Goat Serum for 20 min 
at room temperature (ImmPRESS Reagent, Vector Lab, cat#: MP-7451) and then incubated with the anti-rabbit 
ImmPRESS IgG peroxidase reagent (Vector Lab, cat#: MP-7451) or the anti-mouse ImmPRESS IgG peroxidase 
reagent (Vector Lab, cat# MP-7452) per manufacturer instructions. Slides were washed again with PBS and 
incubated with the ImmPACT DAB peroxidase substrate (Vector Lab, cat#: SK4105) for 90 s at room temperature 
while checking color development under a microscope before rinsing in tap water. Slides were counterstained 
with Vector Hematoxylin (Gill’s Formula, Vector Lab, cat#: H3401) for three minutes. After rinsing again in tap 
water, slides were incubated in 0.1% sodium bicarbonate for one minute, rinsed with distilled water, and then 
dehydrated and mounted with Prolong Diamond Antifade Mountant (Invitrogen, cat#: P36970). Tissue images 
were taken on the Evos FL Auto microscope and the Precipoint slide scanning microscope. Blinded grading of 
tissues was done using a grading system in which a 0 corresponded to no emerin staining at the nuclear periphery 
and a 3 being complete, dark staining of emerin at the nuclear periphery. All grading was done in one sitting to 
avoid multi-day bias. Invasive, DCIS, and metastatic tissue measurements were determined significant against 
noncancerous tissue a priori via student’s t-test.

Data availability
The data supporting the findings of this study are available by request from the corresponding author, JH.
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