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Abstract: (1074 Characters, 150 words)

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.
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Introduction

Nuclear morphology is well-established as an effective diagnostic tool in grading many
cancers.! Changes in nuclear morphology and nuclear compliance (i.e., nuclear
softening) is associated with tumor aggressiveness and metastasis,>* and is recognized
as a ‘hallmark of cancer.’> ® Breast cancer metastasis is responsible for a majority of
breast cancer-related deaths, making it a significant clinical concern.® 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
tumors.® These gaps in the endothelium are relatively small, ranging from 1.2-2 microns
in diameter.” 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 cytoplasm.2

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 structure. ®1
Interestingly, emerin is reported to be mutated in cancers, specifically in its
nucleoskeletal binding domain.'® We previously showed that triple-negative breast
cancer (TNBC) cell lines have significantly less emerin expression than their non-
cancerous controls.! This decreased emerin expression correlated with decreased

nuclear size and increased migration and invasion.'! Expressing GFP-emerin rescued
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91 these deficits, while GFP-emerin mutants that failed to bind nuclear actin and lamins

92 were unable to rescue nuclear size, migration, or invasion.*! In mice, we found that

93 expressing wildtype GFP-emerin in MDA-231 cells decreased primary tumor size and
94  lung metastasis compared to MDA-231 cells expressing GFP.1! GFP-emerin mutants
95 that blocked binding to nuclear actin or lamins failed to inhibit tumor growth and

96 metastasis in MDA-231 cells, demonstrating that emerin’s function in metastatic spread
97 s likely dependent on its role in regulating the nucleoskeleton.'* Emerin expression also
98 inhibits metastasis in prostate cancer,? supporting emerin’s involvement in metastatic

99 disease.

100  While these findings show that emerin has a role in metastatic disease via its

101 nucleoskeletal interactions, they fail to ascertain whether reduced emerin protein

102 expression is sufficient to reduce nuclear structure and increase cell migration and

103 invasion, or if the reduced emerin expression was a result of the invasive transformation
104 of MDA-231 cells. Thus, we tested if downregulating emerin in non-invasive cells is

105 sufficient to convert them to a more invasive phenotype, similar to that of MDA-231

106  cells. Here, we show that knocking-down emerin in poorly invasive MCF7 cells does
107  promote migration and is accompanied by smaller, more deformed nuclei, suggesting a

108 critical link between emerin protein reduction and metastatic properties of cancer cells.

109 Results

110 To examine the effect of emerin downregulation on MCF7, we generated MCF7 cell
111 lines expressing either one of three different emerin shRNA sequences (A, B, C) ora

112 scrambled shRNA sequence (Genecopoeia). We found emerin shRNA A reduced
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113  emerin protein by 80%, emerin shRNA B failed to reduce emerin expression, and

114  emerin shRNA C reduced emerin protein expression by 55% (Figure 1). Emerin shRNA
115 sequence B serves as our control (now named con shRNA) because it failed to reduce
116  emerin protein expression. Thus, unless otherwise noted, the experiments using MCF7
117  cells were done using emerin shRNA B as the control (con shRNA), and emerin shRNA

118 A (emerin shRNA).

119 Reduction of emerin protein expression by 80% (Figure 2A) caused MCF7 cells to

120  reduce nuclear size by 14% (Figure 2B,C), as measured using the ImageJ

121  ParticleAnalyzer plug-in (see methods). It was possible that decreased nuclear area
122  was caused by rounding of the nuclei, without a change in nuclear size. Thus, nuclear
123 volume was measured in 25 or more nuclei per cell line. Nuclei from MCF7 and con

124  shRNA cell lines were 528.9 + 16.7 um®and 478.4 + 18.49 um?, respectively (Figure
125 3A,B). Emerin knockdown reduced nuclear volume to 369.1 + 15.62 um? (Figure 3A,B,)
126  showing emerin deficiency reduced nuclear size. To test whether nuclear structure itself
127  was being altered, we also generated 3D renderings of nuclei from each cell line and
128 measured nuclear curvature. To analyze local membrane curvature of nuclei, we used
129  the LimeSeg plugin for Fiji.13 Using LimeSeg, we created three dimensional renders of
130 the nuclei and then calculated the gaussian and mean curvature at 0.5 nm intervals

131  across the surface. From this, we calculated the fraction of points that had both a

132  positive gaussian curvature and negative mean curvature, which indicates a “concave”
133  surface. We found significantly more indentations and bulges in the emerin shRNA lines
134  (Figure 3C). Thus, nuclei in the emerin-deficient MCF7 cells were smaller and more

135 dysmorphic than controls.
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136  Trans-well migration assays were done to test if these nuclear changes in emerin-

137  downregulated MCF7 cells increased impeded migration. Emerin-downregulated MCF7
138 cells increased migration through 8 pum trans-well pores by 3.2-fold and 2.82-fold when
139 compared to MCF7 and con shRNA cells, respectively (Figure 4A,B). To separate the
140  nuclear structural aspects of impeded migration from the more generalized signaling
141  and cytoskeleton reorganization associated with responding to migratory cues, we

142  tested unimpeded migration in scratch-wound assays. Interestingly, emerin shRNA cells
143  migrated into the scratch-wound 10% faster than MCF7 or con shRNA cells (Figure

144  4C,D).

145  We then tested whether triple-negative breast cancer cells, which already express 50%
146  less emerin compared to normal breast cells!! and are highly invasive, would become
147  more invasive when emerin protein expression is reduced further. We transfected our
148 MDA-231 cells with the same emerin shRNA plasmids as the MCF7 cells above. We
149  found MDA-231 emerin shRNA lines did reduce emerin further by 59% (Figure 5B).

150 However, neither nuclear area (Figure 5C) nor nuclear volume (Figure 6A-B)

151 decreased in emerin shRNA cell lines. Despite there being no change in nuclear area or
152  volume, there was a significant increase in nuclear concavity with many of the emerin
153  shRNA nuclei being highly deformed (Figure 6A,C). This increased nuclear deformation
154  coincided with increased migration of emerin shRNA MDA-231 cells through 8-micron
155 trans-well pores compared to the control (Figure 7A-B). Downregulation of emerin had

156  no effect on unimpeded migration (Figure 7C-D).
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157 Because emerin was implicated in regulating proliferation of MDA-231 cells,** we

158 examined cell proliferation in MCF7 cells, emerin-downregulated MCF7 cells and con
159  shRNA MCF7 cells to test if emerin deficiency increased MCF7 proliferation. Emerin
160 downregulation increased cell proliferation in two different assays There was a 1.4-fold
161 increase in cell proliferation by day 7 in emerin shRNA MCF7 cells compared to the con
162 shRNA MCF7 cells by cell counting (Figure 8A) and a 1.3-fold increase in proliferation
163 by day 6 in the Presto-Blue assay (Figure 8B). This assay produced similar results in
164 MDA-231 cells, where there was a 2.5 increase in proliferation by day 6 when measured
165 viathe Presto-Blue assay (Figure 8C). It is important to note that these assays do have
166 approximately a two-day lag time in growth before seeing such affects, which is

167  consistent with other published cell cycle data.4 1°

168 These data strongly suggest that loss of emerin drives invasive cancer progression.
169  Further, we previously found that emerin protein expression was decreased in a small
170 sample of breast cancer patients.!! To rigorously determine if emerin protein expression
171 inversely correlates with cancer invasiveness in patients, we analyzed emerin

172  expression on 216 patient samples by immunohistochemistry with emerin antibodies
173  (10351-1-AP, Proteintech) on a tissue microarray (TissueArray, LLC). This array

174  contained breast cancer tumor samples from a range of types and grades. Each tumor
175 was graded for emerin expression at the nuclear envelope based on the amount of
176  emerin staining at the nuclear periphery; this accounts for both protein expression and
177  normal localization.'® The grader was blinded to sample identifiers. We found emerin
178  expression at the nuclear envelope is lower in metastatic tissue, ductal carcinoma in-

179  situ tissue, and malignant tissue, while normal, adjacent-to-cancer normal, or benign
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180 tumor tissue had normal emerin expression at the nuclear envelope (Figure 9). To

181 validate these results, we used a different emerin antibody from a different species (cat#
182 6096097, Leica) to stain an identical tissue microarray, which gave similar results

183  (Figure 10). Note that similar to the results with the emerin polyclonal antibody, emerin
184  nuclear envelope levels were trending lower in DCIS, but more samples are needed to
185 increase statistical power. To confirm that these results were emerin-specific, we

186 stained this tissue microarray with just secondary antibody to account for background

187  staining (Figure S2).

188 Discussion

189 It has been established for decades that the presence of abnormal nuclear structure

190  could help distinguish tumor cells from normal cells, and to grade tumors.'® Yet, the

191 contribution of these nuclear alterations to malignant transformation is unclear. Here, we
192  show that downregulating emerin in non-invasive MCF7 cells was sufficient to decrease
193 nuclear size, to increase nuclear deformation, and to increase impeded cell migration.
194  Such qualities are indicative of invasive cancers.'% 17 Importantly, these phenotypes

195 were not due to the presence of the shRNA vector or cell line selection conditions

196  because the scrambled shRNA and con shRNA had similar phenotypes as MCF7 cells.
197  Thus, we conclude that loss of emerin is crucial for transforming benign tumor cells to a
198 more invasive phenotype. Consistent with our results, reduction in emerin also

199  correlated with nuclear softening in melanoma cells,*® something that is well-established
200 to correlate with rates of invasiveness and metastasis.® 20 Interestingly, emerin ShRNA

201  cells migrated into the scratch-wound 10% faster than MCF7 or con shRNA cells
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202 (Figure 4C,D). We suspect this is caused by a disruption in mechanical signaling, as
203  multiple labs have shown that disrupting the linker of nucleoskeleton and cytoskeleton

204  (LINC) complex impairs cells’ ability to close scratch wounds.'#: 21 22

205  Knocking down emerin in MDA-231 cells did not affect nuclear area. MDA-231 cells are
206  highly invasive TNBCs that also have 50% less emerin than normal primary breast

207  epithelial cells, MCF10A cells,'! and MCF7 cells (Figure S1). We propose that the

208 MDA-231 nucleus is already at is minimal size, given nucleoplasmic, chromatin, and
209  nuclear membrane constraints, so further reduction of emerin has no effect on nuclear
210 size. Rather emerin reduction increases the compliance of the nucleus to make it more

211 malleable.

212  Consistent with these results showing emerin-deficiency drives cancer cell

213 invasiveness, our blinded analysis of 216 breast cancer patient samples showed that
214  lower emerin levels correlated with increased aggressiveness. These results support a
215 model by which emerin downregulation occurs in a cell population within a growing

216  tumor. These cells would then be selected during tumor evolution because of their

217 increased proliferation and increased nuclear compliance, which allows them to be

218 more invasive. This increased invasiveness enables the cells to invade the extracellular
219 matrix and squeeze through the vascular endothelium to promote increased cancer cell
220 survival and metastasis. Supporting our results, recent studies in prostate!? and ovarian
221  cancer,? found that patients have decreased emerin and that this decreased emerin

222  contributes to higher nuclear deformity and invasion.*?
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223  We are aware that emerin levels do not always inversely correlate with nuclear size
224  across all cell types.?% 24 However, increased nuclear deformation and increased

225 compliance in emerin-deficient cells seem to be shared across many cell types.?*

226  Whether the cell-type specificity of emerin reduction in nuclear size are caused by
227  differences in cytoskeletal forces pushing more (to induce smaller nuclei) or less (to
228  allow for nuclear expansion) on the nuclei, or on limiting amounts of nuclear envelope
229 lipid components, nuclear pore complex proteins, or other nuclear envelope proteins,

230 remains to be determined..

231  Collectively, these data demonstrate that emerin is critical for maintaining nuclear

232  structure and rigidity, the loss of which makes nuclei more compliant. Based on our
233 data, we suggest a model by which emerin expression is necessary for maintaining
234 nuclear structure under cellular stress. Therefore, loss of emerin, such as in cancer,
235 contributes to increased nuclear compliance, further driving tumor cell aggressiveness,
236  invasiveness, and metastatic transformation (Figure 11). By further investigating

237 emerin’s role in breast cancer progression, targetable treatments for even the most

238 invasive breast cancer types, such as triple-negative breast cancer, may be revealed.

239 Materials and methods

240 Cell Culture

241 MDA-MB-231 (ATCC cat#: HTB-26) and MCF10A (ATCC cat#: CRL-10317) were
242  purchased from American Type Culture Collection (ATCC, Manassas, VA). MCF7 cells

243  (ATCC cat#: HTB-22) were obtained from Mary Alpaugh’s lab (Rowan University,
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244  Camden NJ). The MDA-231 and MCF7 cells were grown in Dulbecco’s Modified Eagle
245 Medium + GlutaMAX (Gibco cat#:10566024) with 10% Fetal Bovine Serum (Gibco,

246  cat#: 16140089) and 1% Penicillin/Streptomycin. MCF10A cells were grown in Ham’s F-
247 12 (Modified) + L-glutamine media (Corning, Cat#: 10-080-CV) with 5% horse serum
248  (Gibcol/Life Technologies, cat#: 16050-130), 0.5 mg/ml hydrocortisone (ThermoFisher
249  Scientific, Waltham, MA, cat#: AC35245-0010), 100 ng/ml cholera toxin

250  (MilliporeSigma, Burlington, MA, cat#: 227036), 10 ug/ml Insulin (Sigma-Aldrich, St.

251 Louis, MO, cat#: 10516), and 1% Penicillin/Streptomycin. All cells were grown at 37°C
252 and 5% COz2. Mycoplasma testing is done bimonthly using the MycoStrip 100 kit

253  (InvivoGen, cat#: rep-mysnc-100).

254  Creating Stable Cell Lines

255 Cell lines were transfected via the Neon Electroporation System (Invitrogen) or with

256  Lipofectamine 3000 (cat# L3000015, Invitrogen). For electroporation, cells were

257 resuspended in buffer “R” provided with the Neon Kit per manufacturer instructions.

258  Electroporation was done using 1400 V for 10 ms for 4 pulses with the 100 pl tips. Cells
259  were plated in their respective media without penicillin/streptomycin for 24 hours before
260  being replaced with full media. For Lipofectamine 3000 transfection, cells were seeded
261 in a 6-well plate at 70% confluency and transfected with 5 pl of Lipofectamine 3000 per
262 reaction. Plasmids were introduced at 2 ng/ul of each (emerin shRNA, HSH095287-
263 LVRUG6MH; shRNA scramble sequence, CSHCTRO001-LVRU6MH; Genecopoeia). For

264  both methods, cells expressing the various shRNAs were selected with 0.2 mg/ml
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265 hygromycin (cat#K547-20ml, VWR) at 72-hours post transfection and maintained at 0.8
266  mg/ml of hygromycin after cell line purification.
267

268 Immunofluorescence, volume, and nuclear area measurement

269  Cell lines were plated on coverslips at approximately 100,000 cells/coverslip and placed
270  in 6-well plates. Cells were rinsed three times with 2 ml of PBS for 5 minutes and fixed
271  with 3.7% formaldehyde in PBS for 15 minutes. Coverslips were washed again three
272  times and permeabilized in 2 ml of 0.2% Triton X-100 in PBS for 24 minutes. Cells were
273  blocked for 1 hour in 2 ml of 3% BSA in PBS (VWR, cat#: 97063-624). Cells were then
274  washed three times with 2 ml of PBS for 5 minutes each and mounted with Prolong

275 Diamond Antifade Mountant (Molecular Probes, cat#: P36971). Slides were imaged

276  using either the Evos FL Auto Microscope using a 40x objective or Nikon confocal with
277  100x objective. Nuclear area was measured via Image J ParticleAnalyzer plugin.

278  Briefly, images were transformed into a binary image where ParticleAnalyzer could

279 then measure each nucleus. Nuclei on the edges of the image or touching other nuclei
280 were excluded. Nuclear volume was measured via ImageJ FIJI 3D Objects Counter

281  Plugin following the same parameters. Statistical significance was determined via one-

282  way ANOVA followed by Dunnett’'s multiple comparison test, where applicable.

283 Concavity Measurements

284  Concavity was measured via the LimeSeg plugin for Fiji as outlined in Machado et. al.*®
285  Using the plugin’s “sphere seg” command, we created three dimensional renders of the

286  nuclei taken at 100x in a z-stack (Nikon) with 0.5-micron steps. Then, using the
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287  “ComputeCurvatures” and “DisplayCurvatures” scripts in the plugin, we calculated the
288 mean curvature at each point along the surface at 0.5 nm intervals, and displayed

289  regions of positive mean curvature in green and regions of negative mean curvature in
290 red. Statistical significance was determined via one-way ANOVA followed by Dunnett’s
291  multiple comparison test, where applicable. A minimum of 15 nuclei were rendered and

292  measured.

293 Trans-well Migration Assays

294  Trans-well inserts with 8-micron pores (Falcon, Cat#: 353097) were used for cell

295 migration. Cells were plated in the chamber at a density of 1.5 x10° in serum-free

296 media. Chambers were placed in 24-well plates containing complete growth media.

297  After 24 hours, cells that failed to migrate through the trans-well were wiped off the top
298 of the membrane and the cells on the bottom of the membrane were fixed for 15

299  minutes with 3.7% formaldehyde in PBS. The membranes were then washed 3 times in
300 750 pl of PBS for 5 minutes and treated with 750 pl of 0.5% Triton X-100 for 20 minutes
301 to permeabilize membranes. The membranes were then washed a final three times with
302 PBS and removed and mounted, cell-side down, with Prolong Diamond Antifade

303 Mountant (Molecular Probes, cat#: P36971). Cells that migrated through were counted
304 (five fields on the Evos FL Auto Microscope, 40x objective) after allowing the mountant
305 to dry overnight. Statistical significance was determined via one-way ANOVA followed
306 by Dunnett’s multiple comparison test, where applicable. At least three biological

307 replicates were done for each cell type.

308 Scratch Wound Assays
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309 Each of the MCF7 and MDA-231 cell lines was grown to confluency in 12-well plates. A
310 1 mm scratch was made in each well. Plates were marked to ensure images were taken
311 atthe same location at each timepoint. Images were taken until the wound closed

312  entirely on the Evos FL Auto Microscope using the 40x objective. Statistical significance
313 was determined via one-way ANOVA. 3 biological replicates were done for each cell

314 line.

315 Cell Proliferation Assays

316  For the cell counting method, each cell line was seeded at 20,000 cells per well of a 6-
317  well dish (total of 7 wells). Each day for 7 days, one well was trypsinized and counted
318 on the Countess Il FL (Life Technologies). Two-way ANOVA was completed to

319 determine statistical significance followed by Tukey’s test where applicable. Two-way
320 ANOVA was completed with Tukey’s test for significance. Both experiments include

321 three biological replicates.

322  The parallel cell proliferation analysis was completed using the PrestoBlue Cell Viability
323 reagent (Life Technologies, cat#: A13261) per manufacturer’s instructions. Proliferation
324 was analyzed by plating 2 x 10* cells of each cell line in a 96-well plate and cell growth
325 was monitored every 24 hours for 7 days after plating. At least three biological

326 replicates were done for each cell line.

327

328 Western Blots
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329  Whole cell lysates were suspended in NUPAGE LDS Buffer (LifeTechnologies, cat#:
330 NPO0O008) with reducing agent (LifeTechnologies, cat#: NP0O009). Samples were resolved
331 by 10% SDS-PAGE gels (materials from Bio-Rad) and transferred to nitrocellulose

332 membranes (GE Healthcare, Cat#: 10600004). Membranes were blocked in 5% nonfat
333  dry milk (Giant brand) in PBST for two hours. Primary emerin (Protein-tech, cat# 10351-
334  1-AP, 1:3,000 dilution) and y-tubulin (Sigma, cat# T6557, 1:25,000 dilution) antibodies
335 were incubated overnight with rocking at 4°C and secondary antibodies (goat anti-rabbit
336 [cat# 31462, Invitrogen, 1:10,000 ] or goat anti-mouse [cat#31432, Invitrogen, 1:10,000]
337 1gG H&L cross absorbed HRP) were incubated for 2 hours at room temperature. Emerin
338 protein expression was normalized to y-tubulin protein expression for quantification.

339  Western blots were imaged on the Li-COR Odyssey FC. Statistical significance was

340 determined via one-way ANOVA.

341 Immunohistochemistry and Tissue Microarray Analysis

342  Tissue microarrays (TissueArray, LLC, cat# BR2082c) were deparaffinized and

343 rehydrated in coplin jars (5 minutes in xylene three times, 3 minutes in 100% EtOH

344  three times, 3 minutes in 95% EtOH three times, 3 minutes in 80% EtOH, 3 minutes in
345 70% EtOH, and 5 minutes in distilled water) prior to being placed in citrate buffer (0.05%
346 Tween 20, 10mM citric acid at pH 6.0) and steamed at 95°C for 45 minutes. Slides were
347 cooled at RT and washed with PBS. Endogenous peroxidase was removed by washing
348  with 0.3% hydrogen peroxide for 20 minutes at room temperature in coplin jars. After
349  washing again with PBS, slides were blocked in 1% Bovine Serum Albumin (VWR, cat#:

350 97061-420) in PBS for 15 minutes. Slides were then incubated with anti-emerin
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351 antibody (Proteintech, cat#: 10351-1-AP, 1:500 dilution) for two hours at 37°C in a

352 humidified chamber. Slides were washed again with PBS and blocked with 2.5%

353 Normal Goat Serum for 20 minutes at room temperature (IMMPRESS Reagent, Vector
354  Lab, cat#: MP-7451) and then incubated with the anti-rabbit ImnmPRESS IgG peroxidase
355 reagent (Vector Lab, cat#: MP-7451) or the anti-mouse IMmPRESS IgG peroxidase
356 reagent (Vector Lab, cat# MP-7452) per manufacturer instructions. Slides were washed
357 again with PBS and incubated with the ImmPACT DAB peroxidase substrate (Vector
358 Lab, cat#: SK4105) for 90 seconds at room temperature while checking color

359 development under a microscope before rinsing in tap water. Slides were

360 counterstained with Vector Hematoxylin (Gill's Formula, Vector Lab, cat#: H3401) for
361 three minutes. After rinsing again in tap water, slides were incubated in 0.1% sodium
362 bicarbonate for one minute, rinsed with distilled water, and then dehydrated and

363 mounted with Prolong Diamond Antifade Mountant (Invitrogen, cat#: P36970). Tissue
364 images were taken on the Evos FL Auto microscope and the Precipoint slide scanning
365 microscope. Blinded grading of tissues was done using a grading system in which a 0
366 corresponded to no emerin staining at the nuclear periphery and a 3 being complete,
367 dark staining of emerin at the nuclear periphery. All grading was done in one sitting to
368 avoid multi-day bias. Invasive, DCIS, and metastatic tissue measurements were

369 determined significant against noncancerous tissue a priori via student’s t-test.

370

371
372
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Figure 1: Emerin protein expression in MCF7 and MCF7 emerin shRNA-
transfected cell lines. A) Representative western blot and B) quantification of MCF7
and three emerin shRNA cell lines normalized to y-tubulin. *P<0.001, N=6, one way

ANOVA followed by Dunnett’s multiple comparison against MCF7.
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377

378 Figure 2: Reducing emerin in MCF7 cells decreased nuclear area. A)

379  Representative western blots of MCF7, control ShRNA, and emerin shRNA cell lines
380 using emerin antibodies and y-tubulin antibodies (loading control). B) Representative
381 DAPI images of MCF7, control shRNA, and emerin shRNA cell lines, which were used
382 to measure nuclear area. C) Violin plot of nuclear area of MCF7, control shRNA and
383 emerin shRNA MCF7 cells (N>50 nuclei). The mean is depicted as the dark dashed line
384  and the thin dashed lines represent the first and third quartiles. *P<0.001 **P<0.0001,

385 one-way ANOVA followed by Dunnett’'s multiple comparison.
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387  Figure 3: Emerin reduction decreases nuclear volume and increases nuclear

388 bulges and indentations in MCF7 cells. A) Representative confocal images of DAPI-
389 stained nuclei from MCF7, control shRNA, and emerin shRNA lines. B) Violin plots of
390 nuclear volumes (N>15 nuclei for each) of MCF7, control shRNA, and emerin shRNA
391 MCFT7 cell lines. The mean is depicted as the dark dashed line and the thin dashed lines
392 represent the first and third quartiles. *P<0.0001, one-way ANOVA followed by

393  Dunnett’'s multiple comparison test. C) 3-D rendering of z-stacks from representative
394  nuclei in B showing the concavity and convexity of the nuclei. Red-orange indicates a

395 concave surface and green indicates a convex surface.
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397 Figure 4: Reducing emerin in MCF7 cells increases impeded migration and closes
398 scratch wounds faster. A) A violin plot of the number of cells migrating through 8 um
399 trans-well pores is shown for MCF7, control shRNA, and emerin shRNA cell lines (n=5
400 fields) The mean is depicted as the dark dashed line and the thin dashed lines

401 represent the first and third quartiles. *P<0.0001, one-way ANOVA followed by

402  Dunnett’'s multiple comparison. B) Representative DAPI images of the cells that

403  successfully migrated in the trans-well assays in A. C) Scratch-wound healing assay.
404  MCF7, control shRNA, and emerin shRNA MCF7 cell lines were plated, scratched with
405 a pipette tip, and their migration into the wound area was monitored for 24, 48, and 72
406 hours. Representative phase images are shown. D) The rate of scratch wound healing,
407  which refers to the ability of cells to migrate into the wound area is shown with standard
408 deviation. *P<0.05 compared to MCF7, two-way ANOVA and Tukey’s multiple

409 comparison test.
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Figure 5: Reducing emerin in MDA-231 lines fails to affect nuclear size. A)
Representative images of nuclei in MDA-231, control shRNA, and emerin shRNA stable
cell lines that were used to measure nuclear area. B) Representative western blot of
emerin and y-tubulin (loading control) in these lines. C) 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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419

420 Figure 6: Reducing emerin in MDA-231 cells fails to decrease nuclear volume but
421 increases nuclear deformations. A) Representative confocal images of DAPI-stained
422  nuclei from MDA-231, control shRNA, and emerin shRNA MDA-231 cell lines. B) Violin
423  plots of nuclear volumes (N>15 nuclei for each) of MDA-231, control shRNA, and

424 emerin shRNA MDA-231 cell lines. The mean is depicted as the dark dashed line and
425 the thin dashed lines represent the first and third quartiles. C) Representative images of
426  convexity and concavity of nuclei in the respective cell lines. Red-orange indicates

427  concave surface and green indicates a convex surface. No significant differences were

428 seen using one-way ANOVA.
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430 Figure 7: Reducing emerin in MDA-231 cells increases their impeded migration. A)

431  Aviolin plot of the number of cells migrating through 8 um trans-well pores is shown for
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MDA-231, control shRNA, and emerin 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, and emerin
shRNA MDA-231 cell lines were plated, scratched with a pipette tip, and migration into
the wound area was monitored every 2 hours for 8 hours. 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 deviation. Two-way ANOVA was

used, and no significant differences were seen.
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444 Figure 8: Reduction of emerin increases cell proliferation in MCF7 and MDA-231
445  cells. Growth curves of MCF7, emerin shRNA MCF7, and control ShRNA MCF7 cells,
446  as shown A) by cell counting and B) by measuring metabolic activity with Presto Blue
447  Cell Viability Reagent (Life Technologies, cat#: A13261) per manufacturer’s instructions.
448 Mean data plotted with SEM; n = 3 biological replicates. * indicates a difference

449  between MCF7 + emerin shRNA and MCF7 + control shRNA (*p < 0.05). & indicates a
450 difference between MCF7 + emerin shRNA and MCF7 (& p < 0.05). # indicates a

451  difference between MCF7 + control shRNA and MCF7 (# p < 0.05). C) Growth curves of
452 MDA-231, emerin sShRNA MDA-231, and control ShRNA MDA-231 cells as determined
453  using Presto Blue. Mean data plotted with SEM; n = 3 biological replicates. * indicates a
454  significant difference between MDA-231 and MDA-231 + emerin shRNA (*p < 0.05), &
455 indicates a significant difference between MDA-231, and MDA-231 + con shRNA (& p <

456  0.05), as determined by two-way ANOVA and Tukey’s multiple comparison test.
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458

459  Figure 9: Reduced emerin expression at the nuclear periphery correlates with

460 Dbreast cancer invasiveness in patients. A) Representative tissue microarray staining
461 of emerin in 183 patients using emerin polyclonal antibodies (Proteintech, cat# 10351-1-
462  AP). Nuclei are blue, emerin is brown, and arrows denote emerin staining in certain

463 images for reference. As severity of cases increases, there is a visible reduction in

464  emerin expression at the nuclear envelope and more deformed nuclei are present. (B)
465  Quantification of emerin staining on IHC-stained patient samples using 0-3, with O

466  having no staining at the nuclear periphery and 3 having complete, dark rim staining.
467  N=183 total samples, *P<0.05, **P<0.0001, one-way ANOVA and Dunnett’s test. Error

468  bars represent standard deviation.
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470

471 Figure 10: Reduced emerin staining at the nuclear periphery in invasive breast
472 cancer patient samples is confirmed with a monoclonal emerin antibody. A)

473  Representative tissue microarray staining of emerin in 183 patients using emerin

474  monoclonal antibodies (Leica, NCL-Emerin) using the same samples in Figure 9. Nuclei
475 are blue and emerin is brown. As severity of case increases, there is a visible reduction
476  in emerin expression and more deformed nuclei are present. (B) Quantification of

477  emerin staining using the same grading system as in Figure 9. N=183 total samples
478  #P<0.02 compared to all non-cancerous tissue, *P<0.0062 compared to both normal
479  and benign tissue, one-way ANOVA and Dunnett’s test. Error bars represent standard

480 deviation.
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Figure 11: Graphical summary showing how emerin levels impact cancer

progression.
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487  Figure S1: Relative emerin levels in poorly invasive MCF7 and highly invasive
488 MDA-231 cells. A) Representative western blot and B) quantification of emerin protein
489  in MCF7 and MDA-231 cell lines normalized to y-tubulin. MDA-231 cells have 49% less
490 emerin expression than poorly invasive MCF7 cells; N=4. *P=0.0342, student’s t-test.

491  Error bars represent standard error of the mean.
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Figure S2: Secondary antibodies incubated alone in tissue microarrays. A)
Background staining of anti-rabbit secondary (Vector Lab, cat#: MP-7451) from figure 9
and B) background staining of anti-mouse secondary (Vector Lab, cat# MP-7452) from
figure 10. This demonstrates the specificity of emerin staining measured in figures 9 and

10.
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