bioRxiv preprint doi: https://doi.org/10.1101/2023.04.06.535937; this version posted April 6, 2023. The copyright holder for this preprint (which

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Data driven and cell specific determination of nuclei-associated actin structure
Nina Nikitina®, Nurbanu Bursa®c, Matthew GoelzerP, Madison Goldfeldt?, Chase Crandall?,

Sean Howard?, Janet RubinE, Aykut Satici** & Gunes UzerA*

ABoise State University, BUniversity of Idaho CHacettepe University, POral Roberts University,

EUniversity of North Carolina at Chapel Hill

*Corresponding authors:

Aykut Satici PhD, Gunes Uzer PhD

Boise State University

Department of Mechanical & Biomedical Engineering
1910 University Drive, MS-2085

Boise, ID 83725-2085

Ph. (208) 426-4461

Email: aykutsatici@boisestate.edu, gunesuzer@boisestate.edu

Keywords: machine learning, F-actin, nuclear envelope, cytoskeleton, LINC, mechanobiology

Funding support: AG059923, AR075803, P20GM109095, NSF 1929188 & 2025505

Abstract

Quantitative and volumetric assessment of filamentous actin fibers (F-actin) remains challenging
due to their interconnected nature, leading researchers to utilize threshold based or qualitative
measurement methods with poor reproducibility. Here we introduce a novel machine learning
based methodology for accurate quantification and reconstruction of nuclei-associated F-actin.

Utilizing a Convolutional Neural Network (CNN), we segment actin filaments and nuclei from 3D
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confocal microscopy images and then reconstruct each fiber by connecting intersecting
contours on cross-sectional slices. This allowed measurement of the total number of actin
filaments and individual actin filament length and volume in a reproducible fashion. Focusing on
the role of F-actin in supporting nucleocytoskeletal connectivity, we quantified apical F-actin,
basal F-actin, and nuclear architecture in mesenchymal stem cells (MSCs) following the
disruption of the Linker of Nucleoskeleton and Cytoskeleton (LINC) Complexes. Disabling LINC
in mesenchymal stem cells (MSCs) generated F-actin disorganization at the nuclear envelope
characterized by shorter length and volume of actin fibers contributing a less elongated nuclear
shape. Our findings not only present a new tool for mechanobiology but introduce a novel
pipeline for developing realistic computational models based on quantitative measures of F-

actin.

Introduction

Mechanical information is translated into biological response through perturbations of a highly
organized and connected F-actin cytoskeleton where LINC-mediated F-actin connections to the
nucleus at the “actin cap” translate these mechanical forces into the nucleus to alter both
nuclear structure and gene expressiont. While understanding the organization and connectivity
of cytoskeletal networks has been a research topic in cell mechanobiology for many years?,
reconstructing the interconnected structures of branching F-actin fibers remains a technical
barrier. Much of the information regarding F-actin organization relies on manual and semi-
automated processing of 2D images through open-source programs such as imageJ? ; these
methods yield qualitative information with poor quantitative numbers for molecular structures.
Furthermore, 3D reconstruction of F-actin represents another challenge as these methods
generally represent the cytoskeleton as a simple planar geometry*® precluding the development
of models that recapture the full complexity of cellular cytoskeletal networks. To provide

guantitative information from planar analysis, fluorescence and electron microscopy-based


https://doi.org/10.1101/2023.04.06.535937
http://creativecommons.org/licenses/by-nc-nd/4.0/

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.06.535937; this version posted April 6, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

image analysis methods have been developed to analyze biopolymer properties, including
number, length, and organization. Reconstruction methods typically involve enhancing
filamentous features to identify and isolate filaments in images, separating filaments from the
background, and extracting individual filaments using line segment detectors’-1°. Aside from
these planar approaches, only few studies have been conducted on the process of separating
cytoskeletal filaments and networks in 3D using immunofluorescence microscopy images!®*2,
While such methods have provided valuable information, reproducible volumetric quantification
of F-actin is still beyond the reach of many research groups necessitating an easy to use,

unbiased and repeatable volumetric reconstruction of dynamic cytoskeletal networks in cells.

LINC complexes formed by a family of proteins that include KASH (Klarsicht, ANC-1, Syne
Homology) and SUN (Sadlp, UNC-84) domains provide mechanical connection between
cytoplasmic and nuclear compartments. LINC-mediated nucleo-cytoplasmic connectivity has
been shown to play important roles in mechanosensitivity,*3'* chromatin organization,*>*” and
DNA repair mechanisms.1819 Here, utilizing intact and LINC-disabled MSCs, we describe a
novel approach for automating reconstruction of the nucleo-cytoskeletal architecture that is
based on deep learning-assisted image analysis and segmentation of cross-sectional image
slices. Focused on the actin fiber architecture within the nuclear region, our method provides
precise reconstruction of nuclei-associated fibers, nuclei, and enables extraction of associated
statistical data. The software package developed for this method, “afilament”, is publicly
available for use and validation (see data availability section). Using the afilament software and
confocal images of primary MSCs, we have further quantitatively compared the cell specific

consequences of disabling LINC complex on the F-actin cytoskeleton.

Methods and Data Collection
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79  Cell Culture
80  Bone marrow derived MSCs (mdMSC) from 8-10 wk male C57BL/6 mice were isolated as
81  described from multiple mouse donors and MSCs pooled, providing a heterogenous MSCs cell
82 line.?° Briefly, tibial and femoral marrow were collected in RPMI-1640, 9% FBS, 9% HS, 100
83  pg/ml pen/strep and 12uM L-glutamine. After 24 hours, non-adherent cells were removed by
84  washing with phosphate-buffered saline and adherent cells were cultured for 4 weeks. Passage
85 1 cells were collected after incubation with 0.25% trypsin/1 mM EDTA x 2 minutes and re-plated
86 in asingle 175-cm? flask. After 1-2 weeks, passage 2 cells were re-plated at 50 cells/cm? in
87 expansion medium (Iscove’s modified Dulbecco’s Medium (IMDM), 9% FBS, 9% HS, antibiotics,
88 L-glutamine). mdMSCs were re-plated every 1-2 weeks for two consecutive passages up to
89 passage 5 and tested for osteogenic and adipogenic potential, and subsequently frozen.
90
91 These isolated MSC stocks were stably transduced with a doxycycline-inducible plasmid
92  expressing an mCherry tagged dominant-negative KASH (dnKASH) domain?!. The dnKASH
93 plasmid was lentiviral packaged as a generous gift from Dr. Daniel Conway (Addgene #
94  125554). Lentivius supernatant was added to growth media with polybrene (5 pg/ml). Lentivirus
95  growth media mixture was added to 50-70% confluent MSCs. Lentivirus media was replaced 48
96  hours later with selection media containing G418 (1mg/ml) for 5 days to select stably infected
97 dnKASH-MSCs. Calf serum (CS) was obtained from Atlanta Biologicals (Atlanta, GA). MSCs
98 were maintained in IMDM with FBS (10%, v/v) and penicillin/streptomycin (100pg/ml). For
99 immunostaining experiments, seeding cell density was 3,000 cells per cm? in growth media.
100  Twenty-four hours after seeding, dnKASH cells were given growth media containing doxycycline
101 (1 pyg/ml).
102

103 RNA-seq
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104  Total RNA was extracted using RNAeasy (Qiagen) for three samples per group. Total RNA

105 samples were sent to Novogene for mMRNA sequencing and analysis. Briefly, the index of the
106  reference genome was built using Hisat2 v2.0.5 and paired-end clean 2 reads were aligned to
107  the reference genome using Hisat2 v2.0.5. featureCounts v1.5.0-p3 was used to count the

108 reads numbers mapped to each gene. Differential expression analysis was performed using the
109 DESeq2 R package (1.20.0). DESeq2 provides statistical routines for determining differential
110 expressions in digital gene expression data using a model based on the negative binomial

111  distribution. The resulting P-values were adjusted using the Benjamini and Hochberg's

112  approach for controlling the false discovery rate. Genes with an adjusted p-value < 0.05 and
113 fold-change (FC) > 0.2 found by DESeq2 were assigned as differentially expressed. Genes with

114  significant differential gene expression were further analyzed with DAVID for pathway

115 analysis??. Pathways with a p < 0.05 were selected.

116

117 Immunofluorescence

118  Forty-eight hours after dnKASH expression, cells were fixed with 4% paraformaldehyde. Cells
119  were permeabilized by incubation with 0.1% Triton X-100. Cells were incubated in a blocking
120  serum consisting of PBS with 1% Bovine Serum Albumin. For nuclear staining, cells were

121  incubated with NucBlue Hoechst 33342 stain (Fisher Scientific) according to the manufacturer's
122  protocol. F-actin was stained using Phalloidin (iFluor 488, Cayman Chemicals). Reagents used
123  for immunofluorescence and their concentrations are listed in Supplementary Table S1. The
124  fluorescent actin cytoskeleton images were obtained using a Leica Stellaris 5 confocal system
125  configured with a Leica DMi8 inverted microscope and 63x/1.4 Oil HC PL APO obijective.

126

127  Reconstruction of apical and basal actin stress fibers of MSC from confocal microscope

128 images
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129  The reconstruction algorithm is divided into three phases: confocal image preprocessing, deep
130 learning image segmentation, and postprocessing (Fig. 1).

131

132  Preprocessing

133  The preprocessing phase (Fig. 1a) prepares images for segmentation. The algorithm acquires
134  image resolution, z-stack size and bit depth via the python-bioformats package?3. To detect

135 nuclear area, thresholding was applied to each layer of the confocal image z-stack to isolate the
136 largest circumference, which was then cropped for further analysis. To align F-actin fibers along
137 the nucleus, fiber layers were converted into 2D via maximal projection and gross fiber

138 orientation was detected via Hough Transform and aligned along the X axis. This rotation allows
139 detection of fibers through Y-Z cross sectional view along the X-axis. As apical and basal fibers
140 are not necessarily parallel to each other?4, we preprocessed basal and apical fibers separately.
141  To optimize reconstruction efficiency for apical fiber analysis, rotation was based on maximal
142  projection of the top 50% of the height and the bottom 50% was designated as the basal fibers.
143  Finally, these rotated sets of nuclei and F-actin images were converted into Y-Z cross-sectional
144  layer-sets along the X axis.

145

146 Image segmentation

147  Shown in Fig.1b, actin fibers on Y-Z cross-sectional images appear as discrete dots which vary
148 in size, shape, and intensity across stacked layers along the X-axis. Because of this

149  heterogeneity, applying a global detection threshold was not possible and required user-directed
150 manual thresholding for each layer. To both reduce the input parameters from the user, and

151  provide unbiased detection, cross-sectional images of the actin and nucleus channels were

152  segmented utilizing a trained convolutional neural network based on a U-Net architecture?>26,

153
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154  Training and validation image sets were generated manually by labeling each F-actin dot and
155 nuclei border on Y-Z cross-sectional images. For the training and validation sets, we randomly
156  assigned 44 slices from two cell images. The sliced images were padded to a size of 512x512
157  pixels, and a total number of 44 images were split into 38 for training and 6 for validation.

158 Parameters for learning were: learning rate - 0.001, batch size - 1, number of epochs - 200. We
159 used a graphics processing unit (GPU) to speed up the training process. The neural network
160  minimizes the loss function during training that quantifies the pixel-to-pixel differences between
161 the predicted and target image (Fig.1b). We changed the loss function to increase the error for
162 false-negative results for actin fibers to 200. Apical and basal fibers were assigned based on the
163 mean Z coordinate of each fiber point; if the mean is higher than the nucleus center, then the
164 fiber is labeled as apical, if it is lower than the nucleus center, then the fiber is tagged as a basal
165 fiber.

166

167 Reconstruction

168  As depicted in Fig.1c, to reconstruct individual F-actin structures, we grew each of the detected
169 F-actin dots (will be referred as contours) from the first layer by connecting them to the detected
170  contours on the next layer if it satisfied the overlap criterion from the previous layer mask. If the
171  contour did not overlap with any other contour from the previous layer, a new actin fiber object
172  was created. If the contour overlapped with more than one contour from the previous layer (i.e.,
173  branching points), the contour was added to a fiber whose contour had the biggest overlap area.
174  For example, if two contours on the current layer overlapped the same contour on the previous
175 layer, the contour with the larger overlapping area was added to the existing actin fiber object,
176 and a new actin fiber object created for the second contour. At the end of the reconstruction, all
177  fibers smaller than 1 um in length were filtered out (optional parameter). Fiber length and

178 volume were measured for each specific fiber within each cell in the dataset. Aggregated fiber
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179  statistics on a cellular level include the total fiber volume, length, and count of apical fibers,
180 basal fibers, and the whole cell (apical + basal).

181

182  To reconstruct the nucleus (Fig. 1d), the contours of the nucleus shape on each Y-Z plane were
183 combined together as a nucleus object. Volume was measured for the reconstructed object.
184  Length was measured as the length of the rotated nucleus projection on the X-axis, width on the
185  Y-axis, and the height extracted by applying the ellipsoid volume formula :(4/3) x ™ x R1 x R2 x
186 R.

187

188 Sample statistics and the statistical analysis of the unbiased machine learning data

189  The statistical analyses were based on a dataset containing 19 non-treated (-Dox) and 26

190 treated (+Dox) cells with 12 variables (basal fiber length, apical fiber length, total fiber length,
191 basal fiber volume, apical fiber volume, total fiber volume, basal fiber number, apical fiber

192  number, total fiber number, nucleus width, nucleus length, nucleus volume). To reduce the

193 confounding bias and to obtain treated and non-treated cells with similar characteristics,

194  propensity score matching was used with the nearest neighbor method. When calculating the
195 propensity score, a 1:1 allocation ratio based on the nucleus volume variable was used. Thus,
196 19 treated cells were selected from 26 treated cells that were most statistically similar to the 19
197  cells in the non-treated group.

198

199  All statistical analyses were applied using R-software, version 4.1.3 (R Core Team, 2022) and
200 the RStudio graphical interface. Shapiro-Wilk test was used to determine whether the variables
201  were distributed normally. Continuous variables are presented as meanzstandard deviation or
202  median (quartile deviation) according to their normality (Table 1). The Spearman correlation
203  coefficient was used to examine correlations between variables (Fig.4c). When comparing the

204  variables between groups, bootstrap t-test with 1000 replications was preferred because of the
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205 small sample size. Two-tailed p-value <= 0.05 was considered statistically significant in

206 analyses. In addition to p-values, r effect sizes were also calculated for comparisons.

207

208 To see the effects and odds ratios of variables both a univariate logistic regression model and a
209 multiple logistic regression model with stepwise variable selection were used (Table 2).

210 Redundant physical parameter measurements of each cell were reduced and described with
211  fewer cell properties via a principal component analysis (PCA). Usage of PCA-transformed data,
212  serves to prevent multicollinearity, reduces the dimension of the dataset and improves the

213  classification performance. Number of principal components were determined via elbow criteria
214  in the scree plot of eigenvalues (Fig.4b). Finally, to classify the data-points as non-treated and
215 treated groups based on selected two principal components, three different discriminant

216  analyses were applied: linear discriminant analysis (LDA), nonlinear quadratic discriminant

217  analysis (QDA), and mixture discriminant analysis (MDA). Accuracy rate, sensitivity, and

218  specificity measures of confusion matrices were used for the performance evaluation of

219 methods. A flowchart containing the scheme for all statistical analyses is demonstrated in Fig.
220 S1. Raincloud plots to visualize the summary statistics of the nucleus and fibers are added in
221 Fig. S2 and Fig. S3.

222

223 Results

224  Overexpressing Nesprin KASH domain disables LINC function in MSCs

225 To disable LINC function, we stably infected MSCs via lentivirus harboring a doxycycline (Dox)
226  inducible mCherry-tagged KASH domain (dnKASH-MSCs). 1 yg/ml Dox was added to cell

227  culture medium to induce mCherry-KASH and prevent actin linking to Nesprins on the nuclear
228  envelope (Fig.2a, referred as +Dox). Controls were not exposed to Dox. Shown in Fig.2b, +Dox

229 treatment increased mCherry intensity by 73% (n=515, p<0.0001) and decreased Nesprin-2
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230 intensity by 63% (n = 530, P < 0.0001), measured over the nuclear area, indicating that Nesprin-
231 2 was displaced from nucleus in mCherry expressing cells.

232

233 Disabling LINC function reduces unbiased measures of apical but not basal F-actin

234  Shown in Fig.3a, +Dox treatment resulted in less F-actin fibers across the apical nuclear

235 surface and changed both the nucleus and F-actin measures. Statistical comparison of all 12
236  variables between Dox treated and controls were given in Table 1 and Figures S2 & S3. Total
237  fiber volume and apical fiber volume were 67% (p=0.016) and 47% (p=0.022) smaller in the
238  +Dox groups, respectively. Similarly, total and actin apical fiber lengths were both 37% shorter
239  (p<0.05). As shown in and Fig.3b, when fibers from all cells were pooled, +Dox treatment

240 resulted in shortened total and apical fiber lengths (15%, p<0.001). Total fiber volume and

241  apical fiber volume were 30% (p<0.001) and 32% (p<0.001) smaller in the +Dox groups,

242  respectively. Depicted in Fig.3c, length and volume distributions showed that control cells with
243  no Dox treatment exhibited longer F-actin fibers with more volume: the longest fibers with the
244  greatest volume in the -Dox group were 30 to 50% larger than those in the +Dox group. Basal
245  F-actin fiber measurements did not change. Average nucleus length was also 23% smaller in
246  the +Dox group (Table 1, p = 0.0007). Taken together, these results show a significant

247  decrease in the volume and length of actin fibers associated with the apical nuclear surface by
248  +Dox induced disruption of actin/nesprin binding, resulting in a less elongated nucleus.

249

250 Disabling LINC function uncouples f-actin from nuclear shape measures

251  We next explored correlations between the 12 variables across the groups. Correlation between
252  total fiber measures, number, length and volume, remained relatively unchanged between -Dox
253  (0.87+0.04) and +Dox (0.94+0.03) groups. Fiber length, volume, and number all had lower

254  correlations with the nucleus shape measures in the +Dox group when compared to the -Dox

255  group (Fig. 4a). For example, the average correlation of apical F-actin number, volume and
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256 length with nuclear width, length, and volume was 0.73+0.04 in the -Dox group, dropping by
257  50% to 0.36+0.05 in the +Dox group. This indicated a strong decoupling between F-actin

258  configuration and nuclear shape when LINC was disrupted due to the +Dox treatment.

259

260  Further univariate, and multiple binary logistic regressions were applied to the dataset to find
261  how significant variables increased the likelihood of being in one of the groups. According to
262 Table 2, using the stepwise variable selection criteria, only the nucleus length variable was
263 selected. Shown in Table 2, when nucleus length increases by 1 unit, the probability of being in
264  the -Dox group increases 1.32 times compared to the +Dox, suggesting nuclear length as the
265  most predictive measure. Next, we performed a principal component analysis (PCA). Shown in
266  Fig. 4b, two uncorrelated principal components were found, one representing nucleus length
267  and the others representing apical fiber length, total fiber length, apical fiber volume, and total
268 fiber volume which explained the 95.60% of the total variance in the dataset. To test the

269  accuracy of these two principal components, we performed discriminant analysis. To classify the
270 cells into either treated or non-treated groups, quadratic and mixture discriminant analysis

271  approaches were used. Results shown in Fig.4c indicate that LDA and QDA performed

272  similarly, while MDA showed the best classification accuracy rate (87%), sensitivity (84%), and
273  specificity (90%). Together these findings support that our unbiased approach can predict

274  whether LINC function is disabled by querying nuclear length.

275

276  LINC Depletion alters cell attachment and actin related gene-expression in MSCs

277  Finally, to understand the possible transcriptional changes due to alterations in the actin and
278 nucleus under +Dox treatment, we performed RNA-seq analysis. DESEQ2 analyzes filtered
279  gene pairs with significant expression differentials (p< 0.05). Shown in Fig. 5a, a hierarchical
280 heatmap showed a clustering of +Dox treatments (i.e., dnKASH expression). Shown in Fig. 5b,

281 atotal of 177 genes (127 up, 50 down) were differentially regulated between +Dox and -Dox
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282  groups with p<0.05 statistical significance. Comparing the gene profiles between the +tDox

283  groups, DAVID analyses identified 38 differentially expressed pathways. Downregulated genes
284  only associated with 2 pathways (total of 5 genes). Upregulated pathways included cell

285  migration, integrin binding, integrin signaling and cell adhesion related pathways. Shown in
286  Fig.5c, quantification of cytoskeleton and cell adhesion related genes revealed that +Dox

287  treatment significantly increased the expression of 17 genes including Adhesion G protein-
288  coupled receptor G1 (Agdrgl)?” and CD9328 which have roles in RhoA mediated cell spreading
289 and migration, as well as Integrin subunit beta 3 (itgh3), integrin subunit beta 7 (itgh7) and

290  tyrosine-protein kinase Src (Src). The DAVID pathway analyses can be found in Tables S2 and
291 S3. The increased levels of integrin and cell spreading related genes in +Dox treated cells

292 indicate a compensatory mechanism by which cells might respond to loss of apical actin

293 filament volume by upregulating RhoA mediated cell spreading.

294

295 Conclusions and discussion

296  Here we developed an automated volumetric detection method for cell nuclei and nuclei-

297 associated F-actin fibers. Our method requires no user input for segmentation and allows

298 unbiased analysis of confocal images. Versatile post-processing options based on user needs
299 can be adapted to allow detection of large range of F-actin structures associated with nuclei. As
300 shown by quantification of a relatively small data set, this approach permits a comprehensive
301  statistical analysis of F-actin structure and should lend itself to high-throughput approaches
302  when coupled with automated data collection, available through most of the modern

303  microscopes. As most in vitro investigations also rely on sampling relatively small number of
304 cellsin an imaging plate, such unbiased, high throughput capabilities that detect inherent

305 variations in single dish will expand cytoskeletal analysis options and aid repeatability of data
306 across multiple laboratories.

307
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308  Analyzing F-actin and nuclear shape parameters in LINC disabled MSCs showed that depleting
309 LINC function does not decrease the total number of fibers on the apical nuclear surface but
310 instead shortens their overall length and volume. Interestingly we did not detect any changes in
311 the number or characteristics of basal F-actin fibers, perhaps indicating that nesprin is not

312 involved. On the apical aspect F-actin generated contractile forces indent the nuclear surface 2%
313 3! magnitude of which are likely proportional to the cross-section of the F-actin fibers. Our

314  method predicts that force across the apex of the nucleus should be reduced by disrupting LINC
315  because F-actin volume decreased but their numbers stayed the same, likely due to a reduction
316 inthe cross section of each fiber. Such an unbiased method to detect and quantify F-actin

317  should contribute to understand cytoskeletal forces on the nucleus. For example, mechanical
318 models of cells often rely on simple and idealized geometries to represent cells and

319 cytoskeleton®>35. Unbiased segmentation of F-actin and nuclei from confocal scans will allow
320 more complex and realistic cellular models and thus enable researchers to quantify nuclear

321  forces more accurately.

322

323  Using statistical models our data was able to distinguish -Dox treated cells from +Dox treated
324  cells based on the nuclear length. This was possible because disabling LINC function reduced
325 the correlation between F-actin and nuclear shape measures by half, indicating that F-actin

326  regulation and nuclear shape were uncoupled in LINC disabled MSCs. Our results further

327 indicated that the LINC disabled state was accompanied by upregulation of genes involved in
328 cell attachment, integrin signaling and actin regulatory pathways. Similar increases in focal

329  adhesion structure have been reported when Nesprin and Sun components of LINC complex
330 were depleted?®¢-38 or when the nucleus was softened by depleting LaminA/C3°. To this point, we
331  previously reported that depleting LINC function does not soften cell nuclei“’; the preservation of

332  nuclear modulus suggests that interfering with actin/nesprin attachment stimulates
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333 compensatory processes to losing nucleo-cytoskeletal connectivity by upregulating attachments
334  atthe cell edge.

335

336  Asto effects in MSC, it has been recently reported that depleting LINC function via depletion of
337  Sun proteins can alter heterochromatin states altering lineage selection*'. Depleting Sun

338  proteins results in functionally different heterochromatin rearrangements than does dnKASH
339  expression 21, suggesting that changes the heterochromatin state is affected by both nuclear
340 envelope structural composition and F-actin contractility. To this end, our method can be

341 implemented with both fixed and live cell imaging to detect changes in F-actin under variety of
342  mechanical forces and thus enable researchers to develop new hypotheses in cell

343  mechanobiology.
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369

370 Figure 1: Stress Fiber Reconstruction Algorithm (a) Image preprocessing algorithm reads
371 images and metadata, normalizes the images, cuts out the region corresponding to the nucleus
372  location, rotates the image to align fibers based on Hough Transformation (Methods) of maximal
373  projection of a fiber layer, and converts the processed single-cell image layers into cross-section
374 layers. (b) Training details for the neural network. The learning parameters used were a learning
375 rate of 0.001, a batch size of 1, and 200 epochs. The loss function, which quantifies the

376  differences between predicted and target images, was minimized during training. To prioritize
377  false-negative results for actin fibers, the loss function was adjusted to increase the error by

378  200. (c) Reconstruction of actin fibers and nuclei models the initial actin fibers based on the

379  Dbiggest intersection of actin contour on successive layers of actin masks and (d) reconstructs
380  nuclei combining contour of nuclei cross-section masks layer by layer.

381

382  Figure 2: Overexpressing Nesprin KASH domain disables LINC function in MSCs (a) KASH
383  expression was induced in MSCs harboring a doxycycline (Dox) inducible mCherry-tagged KASH

384  domain by adding 1 pg/ml Dox to cell culture medium. No Dox treatment was used as control.
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385 Imaging and RNAseq outcomes were acquired 48 hours after the Dox treatment at day 3 after
386 cell seeding. (b) +Dox treatment resulted increased mCherry intensity by 73% (n=515, p<0.0001)
387 and decreased Nesprin-2 intensity by 63% (n = 530, P < 0.0001).

388

389  Figure 3: Disabling LINC function reduces unbiased measures of apical but not basal f-
390 actin (a) Visualization of +Dox treatment indicates less and disorganized f-actin fibers across
391 the apical nuclear surface. (b) When fibers from all cells combined, +Dox treatment resulted in
392  shortened total and apical fiber lengths (15%, p<0.001). Total fiber volume and apical fiber

393  volume were 30% (p<0.001) and 32% (p<0.001) smaller in the +Dox groups, respectively. No
394  changes in basal actin were observed. (c) Distribution of total actin length and volume showed
395 that -Dox treatment exhibited longer actin fibers with larger volumes.

396

397  Figure 4: Disabling LINC function uncouples f-actin from nuclear shape measures. (a)
398 Correlations of +Dox and -Dox groups, from left to right. Correlation between total fiber measures
399 remained relatively unchanged between the +Dox (0.87+0.04) and the -Dox (0.94+0.03) groups.
400  Average correlation of apical f-actin measures with nuclear width, length, and volume (0.73+0.04)
401  seen a 50% drop in the +Dox group and reduced to 0.36+0.05. (b) Scree plot of the eigenvalues
402  (left) and rotated principal components plot (right). Two uncorrelated principal components were
403 found, one representing nucleus length and the others representing apical fiber length, total fiber
404  length, apical fiber volume, and total fiber volume which explained the 95.60% of the total variance
405 in the dataset. (c) Linear, quadratic and mixture discriminant analysis approaches were used to
406 classify the cells into either treated or non-treated groups. LDA and QDA performed similarly,
407  while MDA showed the best classification accuracy rate (87%), sensitivity (84%), and specificity
408  (90%).

409
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410 Figure 5: LINC Depletion alters cell attachment and actin related gene-expression in MSCs.
411 (a) DESEQ2 analyzes filtered gene pairs with significant expression differentials (p< 0.05).
412  Hierarchical heatmap showed a clustering of +Dox treatments. (b) Total of 177 genes (127 up,
413 50 down) were differentially regulated between +Dox and -Dox groups with p<0.05 statistical
414  significance. (c) Quantification of cytoskeleton and cell adhesion related genes revealed
415  significantly increased expression in +Dox treated groups.

416

417  Figure S1: Flow chart of the statistical analyses applied to the dataset.

418

419  Figure S2: Raincloud plots for nucleus and number of fibers.

420

421  Figure S3: Raincloud plots for volume and length of fibers.

422

423  Abbreviations: SE means standard error, OR means odds ratio, Cl means confidence interval.
424  In the models, the reference group is the treated group.

425

426  Table 1. Characteristics of dataset, bold indicates p-value<0.005

Variables Non-treated Treated p-value Effect size
Nucleus volume 1620.53 (628.26) 1187.58+405.51 0.138 -
Nucleus length 30.10+5.49 25.70 (2.77) <0.001 0.560
Nucleus width 21.00+4.25 19.33+4.38 0.200 -
Total fiber number 89.84+48.12 70.16+29.73 0.158 -
Apical fiber number 64.32+£32.52 49.32+419.29 0.112 -
Basal fiber number 27.00 (16.50) 23.63+14.61 0.672 -
Total fiber volume 57.66+44.78 25.21 (15.02) 0.016 0.268
Apical fiber volume 45.66+35.18 23.33+14.61 0.022 0.295
Basal fiber volume 7.84 (8.54) 6.68 (7.65) 0.463 -
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Total fiber length 400.40+239.90 259.06+153.19 0.040 0.292
Apical fiber length 293.18+161.63 186.63+£96.07 0.022 0.324
Basal fiber length 100.46 (64.53) 92.52 (73.82) 0.578 -
427
428  Table 2. Univariate and multiple binary logistic regression results, bold indicates p-value<0.005
Variables B estimates OR [95% CI] p- p estimates OR [95% CI] p-
with SE for univariate | value with SE for multiple value
model model
Nucleus 0.277+0.010 1.319[1.085; 0.006 0.277+0.010 1.319 [1.085; 0.006
length 1.605] 1.605]
Total fiber 0.024+0.011 1.024 [1.002; 0.036 - - -
volume 1.047]
Apical fiber 0.033+0.015 1.034 [1.003; 0.030 - - -
volume 1.066]
Total fiber 0.004+0.002 1.004 [1.000; 0.046 - - -
length 1.007]
Apical fiber 0.006+0.003 1.006 [1.001; 0.027 - - -
length 1.011]
429
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Figure 1: Stress Fiber Reconstruction Algorithm (a) Image
preprocessing algorithm reads images and metadata, normalizes the
images, cuts out the region corresponding to the nucleus location,
rotates the image to align fibers based on Hough Transformation
(Methods) of maximal projection of a fiber layer, and converts the
processed single-cell image layers into cross-section layers. (b) Training
details for the neural network. The learning parameters used were a
learning rate of 0.001, a batch size of 1, and 200 epochs. The loss
function, which quantifies the differences between predicted and target
images, was minimized during training. To prioritize false-negative
results for actin fibers, the loss function was adjusted to increase the
error by 200. (¢) Reconstruction of actin fibers and nuclei models the
initial actin fibers based on the biggest intersection of actin contour on
successive layers of actin masks and (d) reconstructs nuclei combining
contour of nuclei cross-section masks layer by layer.


https://doi.org/10.1101/2023.04.06.535937
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.06.535937; this version posted April 6, 2023. The copyright holder for this preprint (which
Was‘rmtse d by peer review) is the author/funder, who has granted bioRxiv a license to display the preprintfin perpetunyg Is made

,;,/:77_:}% avge undeBCOC)lz\gll\lcgyN%AIiOrl]ntémanonal ||cense> " .=
—— ‘_——-f:‘"ﬁ\ —— -
.y |(+Dox, 1ug/mL) ad

Day O| Day 1|

Imaging
RNA-seq

(b) mCherr Nesprin-2 Hoechst Merge

+Dox

-Dox

%k %k %k %k

—
X
—
o
N
|
.u.)
—
X
—
o
N

mCherry Intensity (a.u.)

Nesprin-2 Intensity (a

+Dox -Dox


https://doi.org/10.1101/2023.04.06.535937
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.06.535937; this version posted April 6, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
availgble under 2CC-BY-NC-ND 4.0 |

Figure 2: Overexpressing Nesprin’ KASH domain disables LINC
function in MSCs (a) KASH expression was induced in MSCs harboring
a doxycycline (Dox) inducible mCherry-tagged KASH domain by adding
1 pg/ml Dox to cell culture medium. No Dox treatment was used as
control. Imaging and RNAseq outcomes were acquired 48 hours after
the Dox treatment at day 3 after cell seeding. (b) +Dox treatment
resulted increased mCherry intensity by 73% (n=515, p<0.0001) and
decreased Nesprin-2 intensity by 63% (n = 530, P < 0.0001).
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Figure 3: Disabling LING "fUhction rédiice€ unbiased measures of
apical but not basal f-actin (a) Visualization of +Dox treatment
indicates less and disorganized f-actin fibers across the apical nuclear
surface. (b) When fibers from all cells combined, +Dox treatment
resulted in shortened total and apical fiber lengths (15%, p<0.001). Total
fiber volume and apical fiber volume were 30% (p<0.001) and 32%
(p<0.001) smaller in the +Dox groups, respectively. No changes in basal
actin were observed. (c) Distribution of total actin length and volume
showed that -Dox treatment exhibited longer actin fibers with larger
volumes.
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Figure 4: Disabling LINE function uncouples f-actin from nuclear
shape measures. (a) Correlations of +Dox and -Dox groups, from left to
right. Correlation between total fiber measures remained relatively
unchanged between the +Dox (0.87£0.04) and the -Dox (0.94+0.03)
groups. Average correlation of apical f-actin measures with nuclear
width, length, and volume (0.73+0.04) seen a 50% drop in the +Dox
group and reduced to 0.36+0.05. (b) Scree plot of the eigenvalues (left)
and rotated principal components plot (right). Two uncorrelated principal
components were found, one representing nucleus length and the others
representing apical fiber length, total fiber length, apical fiber volume,
and total fiber volume which explained the 95.60% of the total variance
in the dataset. (c) Linear, quadratic and mixture discriminant analysis
approaches were used to classify the cells into either treated or non-
treated groups. LDA and QDA performed similarly, while MDA showed
the best classification accuracy rate (87%), sensitivity (84%), and
specificity (90%).
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Figure 5: LINC Depletion alters cell attachment and actin related
gene-expression in MSCs. (a) DESEQ2 analyzes filtered gene pairs with
significant expression differentials (p< 0.05). Hierarchical heatmap showed
a clustering of +Dox treatments.(b) Total of 177 genes (127 up, 50 down)
were differentially regulated between +Dox and -Dox groups with p<0.05
statistical significance. (c) Quantification of cytoskeleton and cell adhesion
related genes revealed significantly increased expression in +Dox treated
groups.
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Supplementary Figures:

Data driven and cell specific determination of nuclei-associated actin
structure
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Figure S1: Flow chart of the statistical analyses applied to the dataset
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Table S1: Immunostaining antibodies and reagents and their final concentrations.
Immunostaining antibodies and Reagents

Final Concentration

Hoechst 33342 Thermo Scientific 1 pg/mL
Alexa Fluor 488 Phalloidin Life Technologies 0.1uMm
Nesprin-2 (1Q565) Immunoquest 1:300

Table S2. DAVID analysis of genes up regulated in +Dox vs -Dox.

Term PValue Genes Fold
Enrichmen
t
G0:0014911~positive 1.38E-04 PTGERA4, PLAU, SRC, ITGBS, 18.82
regulation of smooth TMSB4X
muscle cell migration
G0:0030027~lamellipodiu | 0.001139116 DYNLT1C, TUBB3, LIMK1, TWF2, 5.96
m CAPG, NRADD, SH3RF1
G0:0050839~cell 0.001407167 SRC, ITGB3, ITGB7, LRRCA4C, 10.25
adhesion molecule NECTIN1
binding
G0:0010634~positive 0.001901148 SRC, PRKCE, AQP1, TGFBR2 16.13
regulation of epithelial
cell migration
GO0:0005615~extracellular | 0.002077739 H2-M9, ECM1, SEMAT7A, I1L34, 1.99
space CHRD, PRG4, CAPG, ADM,
TGFBR2, PRL2C5, THBD,
SERPINB1A, PROCR, GREM2,
FGF7, PRL2C3, SERPINB6A, PLAU,
COL5A2, SERPINB9G, SERPINB9B,
PRL2C2, CRLF1
G0:0016477~cell 0.002470421 FUT8, ADGRGL1, SRC, ITGB3, KDR, | 4.33
migration ITGB7, CD248, AQP1
G0:0005178~integrin 0.002655821 SEMATA, SRC, ITGB3, KDR, ITGB7, | 6.27
binding JAM2
GO0:0007229~integrin- 0.003623322 FUT8, SEMATA, SRC, ITGB3, ITGB7 | 7.91
mediated signaling
pathway
GO0:0007565~female 0.004401388 PRL2C5, THBD, PRL2C3, ADM, 7.49
pregnancy PRL2C2
GO0:0070469~respiratory 0.005609777 MT-NDA4L, MT-CYTB, MT-ND2, MT- 11.03
chain ND1
G0:0008137~NADH 0.00673614 MT-NDA4L, MT-ND2, MT-ND1 23.98
dehydrogenase
(ubiquinone) activity
G0:0051016~barbed-end | 0.007272181 TWF2, CAPG, ADD3 23.09
actin filament capping
G0:0016020~membrane 0.008340005 MT-NDA4L, CHIC2, MEGF10, ITGB3, 1.31
PDE3B, MT-ND2, GRM1, LY6C1,
AQP1, MT-ND1, THBD, GJAL,
GRB14, NNT, PLAU, PDE4B, KDR,
ITGB7, TNS2, CD33, HAVCR2,
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IL13RA1, ABCC4, CD93, PRKCE,
DNM1, TGFBR2, ALDH3A1, PROCR,
GPRC5A, RUBCNL, VMN2R26,
LY6A, SLC29A3, PTGER4, SEMATA,
RGS14, MAOA, SRC, LPAR1,
GLT8D2, NRADD, ADD3, PCDH19,
UGT1A7C, TMEM165, ADGRG1,
FUT8, RPS6KC1, ALOX5, DNAJB4,
LRRC4C, JAMZ2, LIMK1, VMN1R40,
LHFPL2, CD248, MT-CYTB, PRRT4,
NECTIN1

G0:0030054~cell junction | 0.00896252 GJA1L, SRC, ITGB3, KDR, PCDH1, 3.07
TNS2, JAM2, HAVCR2, RAI14
G0:0031667~response to | 0.009726279 PRL2C5, PRL2C3, SRC, PRL2C2 9.03
nutrient levels
G0:1903489~positive 0.010841638 PRL2C5, PRL2C3, PRL2C2 18.82
regulation of lactation
GO0:0003779~actin 0.011015096 TMSB4X, NRAP, TWF2, CAPG, 3.27
binding ADD3, YWHAG, SYN1, RAI14
G0:0005576~extracellular | 0.011292066 ECM1, PCOLCEZ2, IL34, CHRD, 1.83
region PRG4, ADM, PRL2C5, SERPINB1A,
GREM2, FGF7, ADGRG1, PRL2CS3,
PLAU, COL5A2, NMU, KDR,
CFAP54, PRL2C2, CRLF1, HAVCR2
G0:0001938~positive 0.012386161 ECM1, FGF7, ITGB3, KDR 8.26
regulation of endothelial
cell proliferation
GO0:0008285~negative 0.012729813 GJA1, ADGRG1, VDR, ALDH1A2, 3.18
regulation of cell ADM, KLF4, TNS2, TGFBR2
proliferation
G0:0005148~prolactin 0.01297619 PRL2C5, PRL2C3, PRL2C2 17.13
receptor binding
G0:0010951~negative 0.013215127 SERPINB1A, SERPINB6A, 8.06
regulation of SERPINB9G, SERPINB9B
endopeptidase activity
G0:0045780~positive 0.013283949 PTGER4, SRC, ITGB3 16.94
regulation of bone
resorption
GO0:0009410~response to | 0.013697549 ALDH3A1, NQO1, KDR, ADD3, 5.39
xenobiotic stimulus TGFBR2
GO0:0002020~protease 0.018366856 ECM1, SERPINB6A, ITGB3, 4.93
binding SERPINB9G, SERPINB9B
G0:0007568~aging 0.026886846 ALDH3A1, NQO1, ADM, TGFBR2, 4.39
NFE2L2
G0:0005925~focal 0.028780854 SRC, ITGB3, LIMK1, ITGB7, TNS2 4.30
adhesion
G0:0007599~hemostasis | 0.029750588 THBD, PROCR, ANXA8 11.04
GO0:0001666~response to | 0.033532352 ALDH3A1, PLAU, KDR, ADM, 4.09
hypoxia TGFBR2
G0:0005747~mitochondri | 0.036633033 MT-NDA4L, MT-ND2, MT-ND1 9.87
al respiratory chain
complex |
GO0:0006468~protein 0.038406116 SEMAT7A, RPS6KC1, SRC, RIOK3, 2.33

phosphorylation

PRKCE, LIMK1, KDR, MAP4K3,
TGFBR2
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GO0:0016491~oxidoreduct | 0.040418283 ALDH3A1, NQO1, NNT, MAOA, 2.31
ase activity IMPDH1, ALDH1A2, ALOX5, PRDX1,
MT-CYTB
G0:0042493~response to | 0.041488088 ALDH3A1L, NQO1, SRC, KDR, ADD3, | 3.15
drug TGFBR2
G0:0005179~hormone 0.042837588 PRL2C5, PRL2C3, ADM, PRL2C2 511
activity
GO0:0034446~substrate 0.045419877 SRC, ITGBS3, ITGB7 8.76
adhesion-dependent cell
spreading
GO0:0005886~plasma 0.046577625 PTGER4, H2-M9, SEMATA, CHIC2, 1.27
membrane RGS14, MEGF10, SRC, ITGBS3,
LPAR1, HSPB1, NRADD, ADD3,
PCDH19, GRM1, LY6C1, AQP1,
THBD, GJAl, ADGRG1, GRB14,
DNAJB4, KDR, VMN2R79, ANXAS,
PCDH1, LRRCA4C, CD33, TNS2,
JAM2, HAVCR2, ABCC4, CD93,
PRKCE, HARBI1, PCDH?7,
VMN1R40, DNM1, TGFBR2,
ALDH3A1L, GPRC5A, CD248,
VMN2R26, LY6A, SLC29A3,
NFE2L2, NECTIN1
GO:0046427~positive 0.048271813 PRL2C5, PRL2C3, PRL2C2 8.47
regulation of JAK-STAT
cascade
Table S3. DAVID analysis of genes down regulated in +Dox vs -Dox.
Term PValue Genes Fold
Enrichment
G0:0008284~positive 0.018689827 | TGFB2, MARCKSL1, KLF5, GDNF, | 4.70
regulation of cell NRG1
proliferation
G0:0008083~growth 0.024691651 | TGFB2, GDNF, NRG1 11.88

factor activity
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