








bioRxiv preprint doi: https://doi.org/10.1101/2025.08.25.672162; this version posted August 25, 2025. 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(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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 4.0 International license.

Figure 3: Mechanosensitive genes are depleted from the apical, deformed nuclear region: A-B. Volcano plots
showing differentially expressed genes between wt and kuk mutant embryos during cellularization (A,
before EMT) and during EMT (B). C. Venn diagram comparing the sets of differentially expressed genes
identified in panels A and B. The bracket corresponds to genes potentially regulated by nuclear rigidity
alone; on the right, 833 genes may respond to mechanical forces. D. Scatter plot showing the correlation
between the log2 fold change of genes during wt gastrulation (y-axis) and the log2 fold change between
wt and kuk mutant during EMT (x-axis). E. Venn diagram identifying, from the set of 833 force-
responsive genes identified in C, those also expressed in the mesodermal region genes based previous
studies (Jingjing Sun et al. 2023; Ing-Simmons et al. 2021; Calderon et al. 2022). F. Correlation between
gene positioning along the apico-basal axis of the nucleus (from smiFISH see Methods) and their
genomic distance to the centromere. snail (violet), which localizes apically, is closer to the centromere
than twist (red), which is basally localized. G-H. Distribution of potentially mechanosensitive genes from
chromosome Il and Ill based on their inferred nuclear positioning along the apico-basal axis, derived
from their centromeric distance using the correlation in panel F. Bar plot shows the proportion of all
mechanosensitive genes (G) or mechanosensitive genes from the mesoderm (H) within each nuclear

region.
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Figure 4: Local nuclear deformation is sufficient to trigger rapid and regionalized transcriptional response: A.
Schematic representation of the experimental setup allowing controlled deformation of nuclei while
monitoring transcription using the MS2-MCP system. B. Schematic representation of the experiment,
along with representative snapshots extracted from a timelapse, following the nuclear envelope
(Nup107-GFP) before (left) and during (right) localized nuclear deformation using optical tweezers. The
yellow arrow indicates the initial position of trap. C. Representative images from live MS2/MCP
experiments showing TS before (left) and during (right) localized nuclear deformation. C: snail-MS2 KI;
C': twist-MS2 KI. Yellow dashed lines indicate the estimated nuclear boundaries, based on brightfield
images (data not shown). D. Schematic representation of the quantification method. TS located within
2.5 um of the trap initial position are classified as "short distance", while those further away are "long
distance" (left). Quantification of the change in TS intensity before and after local deformation (right).
Control TS are unmanipulated nuclei adjacent to the manipulated one. D: snail-MS2 Kl; D’: twist-MS2 K|
(snail: N=7, n=33; twist: N=12, n=28). Statistical significance was assessed by the Mann-Whitney test
(*= p<0,05; **=p<0,01; *¥**=p<0,001). Scale bar =5 pym
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Figure S1: Nuclei deformation is specific to the EMT process: A-B. Quantification of the nuclear aspect ratio
(A) and the nuclear deformation index (B) during cellularization and invagination (Cellularization: N=5,
n=191; Invagination: N=8, n=431). C. Schematic of embryonic transverse section showing regions
(ventral, lateral, dorsal) used for analysis in panels D and E. D-E. Measurement of nuclear aspect ratio
(D) and nuclear deformation index (E) during invagination in different regions (Ventral: N=8, n=431;
Lateral: N=3, n=176; Dorsal: N=3, n=154). F. Transverse sections of wt embryos stained for Lamin Dm0
during the invagination process. Nuclear and cellular morphology is indicated by yellow lines. Dashed
lines indicate apical and basal tissue sides. The depth of the nucleus is measured from the apical surface
of the embryo. Note the heterogeneity of nuclear depth within the embryo. G. Schematic of EMT
progression (corresponding to yellow lines panel F), showing the correlation between apical
constriction, nuclear repositioning and nuclear deformation during the EMT process. H. Quantification
of the percentage of deformed nuclei in wt embryos as a function of their depth within the epithelium
(N=13, n= 626). Statistical significance was assessed by the Mann-Whitney test (FigS1l. A, D),
Kolmogorov-Smirnov test (FigS1. B, E), (¥*=p<0,05; **=p<0,01; *¥**=p<0,001). Scale bar =5 um.
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Figure S2: Compression experiments: A. Schematic representation of the mechanical compression setup.
For detailed description, see Methods. B. Time-lapse snapshots of twist-MS2 Crispr embryos before
(left) and after (right) compression. Yellow arrows indicate the same TS over time. Myoll is shown in red,
MCP-eGFP (TS) in green. (Related to Fig 2G). C. Representative traces of mean normalized TS intensities
over time during compression for twist-MS2 embryos. Light blue indicates before compression, dark
blue after compression. The dashed line marks the frame at which compression was applied (t0). The
bracket along the x-axis shows the time window used to quantify the TS intensity ratio shown in the
inset boxplot (top right), ratio is 1.446. (Related to Fig 2H) D. Correlation between variation in TS
intensity (ratio before vs after compression) and nuclear deformation in twist-MS2 Crispr (Related to
Fig 21). E. Orthogonal views of embryos before (left) and after (right) compression, Myoll is shown in
white. Dashed outlines highlight nuclear edges before (light blue) and after (dark blue) compression. F.
Quantification of nuclear aspect ratio before and after compression based on nuclei shown in panel E
(Before: n=10 nuclei; After: n=10 nuclei). Ratio is 1.805. Note that we use the variation of the nuclear
aspect ratio as a readout of nuclear deformation and the level of compression applied during a given

compression experiment.
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Figure S3: NET-seq profiles in wild-type and kuk mutant embryos during invagination: A. NET-seq profiles for wt
and kuk mutant embryos during mesoderm invagination for representative housekeeping genes
(aTub848B, Act5C, eEF1al). B. NET-seq profiles for maternal genes (bicoid, nanos, oskar) in wt and kuk
mutant embryos during invagination. C. NET-seq profiles for snRNA associated with the RNA Polymerase
Il complex (snRNA:U2:14B) in wt and kuk mutant embryos during invagination. D. NET-seq profiles for

wt and kuk mutant embryos during mesoderm invagination for genes of interest (twist, snail, kuk).
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Figure S4: EMT forces globally reshape nuclear structure and content: A. Schematic representation showing
how EMT-generated forces impact the nucleus globally, deforming both apical and basal regions. B.
Quantification of nuclear volume in undeformed and deformed nuclei (undeformed: N=13, n=406;
deformed: N=13, n=216). C. Quantification of basal curvature in undeformed and deformed nuclei
(undeformed: N=4, n=60; deformed: N=4, n=45). D. Quantification of Lamin DmO intensity ratio (apical
vs. basal) in undeformed and deformed nuclei (undeformed: N=1, n=10; deformed: N=3, n=29). E.
Quantification of heterochromatin volume based on DAPI signal in undeformed and deformed nuclei
(undeformed: N=3, n=286; deformed: N=3, n=174). F. Quantification of total heterochromatin intensity
normalized to nuclear mean signal (from DAPI) in undeformed and deformed nuclei (undeformed: N=3,
n=286; deformed: N=3, n=174). Statistical significance was assessed by the Mann-Whitney test
(¥=p<0,05; ¥*=p<0,01; ***=p<0,001).
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Methods:
Experimental animals

The animal model used here is Drosophila melanogaster, in a context of in vivo/ex vivo experiments. In
order to respect ethic principles, animals were anesthetized with CO2 (adults) before any manipulation.
To avoid any release of flies outside the laboratory, dead flies were frozen before throwing them. Stocks
of living flies were conserved in incubators, either at 18 or 25 degrees to maintain the flies in optimal
condition. Fly food contains water, agar (0.8%), sugar (4%), flour (7.4%), yeast (2.8%), moldex (1%) and
propionic acid (0.3%). Genotypes and developmental stages are indicated below. Experiments were

performed in both males and females indifferently.
Drosophila Stocks

The w[*] strain was used as the wild-type control. The kuk mutant line (BDSC_16856) was obtained
from the Bloomington Drosophila Stock Center (BDSC). To monitor transcription in living embryos, we
used the w[*], sgh-RFPtKI[3B]; nos>MCP-EGFP background combined with either snail-MS2 knock-in
(Pimmett et al. 2024), twist-MS2 knock-in (Pimmett et al. 2025), or snail-MS2 inserted in a basal

. For live nuclear envelope visualization, we used the Nup107-GFP line from BDSC (BDSC_35514)

and a Lamin DmO knock-in TagRFPt (Ambrosini et al. 2019) .

All crosses and embryo collections were performed at 25 °C, except for the NET-seq experiments (see

NET-seq section in Methods for details).
Immunohistochemistry

Embryos were collected after a 2-hour egg-laying period, followed by an additional 2-hour incubation,
then dechorionated with 50% bleach solution for 2 minutes. Embryos were fixed for 5min in heptane:
formaldehyde 37% (1:1) at 4°C in a rotary agitator. Embryos were washed 2 times with PBS with 0.3%
Triton X-100 (PBT). Embryos were selected and sliced with a micro scalpel (Micro Knives-Plastic Handle

10315-12 from Fine Science Tools).

Slices of embryos were blocked with PBT and 0.5% Bovine serum albumin (BBT) followed by overnight
incubation at 4°C with appropriate dilutions of primary antibodies in BBT-mouse anti-Lamin (1:10
ADL67.10 from DSHB), rat anti-alpha Tub Tyrosinated (1:50 YL1/2 from Millipore). After BBT washes,
slices of embryos were incubated for 4h at room temperature with goat anti-mouse Alexa Fluor 488

(1:100 Interchim) and if necessary, Rhodamine-Phalloidin (1:200 Fischer Scientific). Then, samples were
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washed in PBT, and finally mounted between two coverslips with a 120 um deep spacer (Secure-SealTM,

Sigma-Aldrich) in Vectashield containing DAPI (Vectors Laboratories).
SMIFISH:

Custom smiFISH probes were designed to target CDS of genes of interest by using the Stellaris® RNA
FISH Probe Designer (Biosearch Technologies, Inc., Petaluma, CA) available online at

www.biosearchtech.com/stellarisdesigner and coupled with FLAP (X or Y depending the probe)

sequence (Tsanov et al. 2016). The smiFISH-FLAP probes were generated by Integrated DNA Technologies
(IDT).

Embryos were collected, fixed and sliced as described above for immunohistochemistry. Slices of
embryos were washed first with PBS + 1% Tween 20, Followed with 50:50 PBS Tween 20 and Wash
Buffer A (20 % Stellaris RNA FISH Wash Buffer A (LGC Biosearch Technologies Cat# SMF-WA1-60, 70%
H20, 10% deionized formamide). Samples are then incubated for 1h at 37°C in the dark in Hybridization
Buffer (10 % Deionized Formamide, 90% Stellaris RNA FISH Hybridization Buffer (LGC Biosearch
Technologies Cat# SMF-HB1-10). Slices of embryos were incubated overnight in Hybridization Buffer

with the annealed smiFISH probes (50nM per Oligos).

SmiFISH probes were prepared by duplexing 40pmol of target-specific probes with 100pmol FLAPX-Cy3
or FLAPY-Cy5 oligonucleotides in annealing Buffer (1X NEBuffer™ 3.1) for 3min at 85°C, 3min at 65°C
and 5min at 25°C and kept on ice until use. Following overnight hybridization, embryos were
successively washed at 37°C with Hybridization Buffer and Wash Buffer A, followed by a room

temperature washed. Immunohistochemistry was then performed if necessary.
Image Acquisition of fixed samples:

Fixed samples were imaged using an LSM900 inverted laser scanning confocal microscope (Ziess), using
a 40x/1.3 oil objectives and a piezo stage. Z-stacks were acquired using the laser scanning the High-
Resolution mode (Airyscan). Airyscan Z-stacks were processed in ZEN software using the automatic

strength (default) and the 3D method.
Compression experiment:

For compression experiments, embryos were collected after a 2-hour egg-laying period, followed by an
additional 2-hour incubation. The embryos were then dechorionated by immersion in a 50% bleach

solution for 2 minutes.
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Following dechorionation, embryos were transferred to an agar plate (20 g/L) and covered with
Halocarbon Oil to prevent dehydration and facilitate staging; they could be maintained in these

conditions for up to 2 hours.

To ensure stability during compression, cover slips were attached to a metallic support to prevent
bending or any form of movement of the cover slips. Glue prepared by incubating Scotch™ double-sided
tape in heptane overnight and was applied to the center of the cover slip. One Embryo was gently rolled
on the agar surface (avoiding oil) to allow a proper adhesion, and then glued to the prepared cover slip.
A drop of 1 plL of Halocarbon Qil was then added to cover the embryo. Samples were imaged using a
Zeiss LSM880 confocal microscope in Fast Airyscan mode with Plan-Apochromat 40x/NA 1.3 Qil DIC UV-
IR M27 objective at 2x zoom. Time-lapse imaging was performed with a frame interval of 15 seconds. A
488 nm laser at 8% laser power with 850 V gain to detect the MCP-EGFP signal and a 561 laser at 8%
laser power with 850V gain to detect the Sgh-RFPtag signal. Images were captured as 16 bit, with
568x568 pixel resolution, with each pixel being 0.18 um in length and width with a Z spacing of 0.35
um. Airyscan Z-stacks were processed in ZEN software using the automatic strength (default) and the

3D method.

During imaging, the orthogonal view in ZEN software was used to observe the cellularization process
through the Sgh signal. When cellularization reached the basal side of the nuclei, a 22x22 mm coverslip
was gently drop on the sample between two time-frames, resulting in compression of one third of the
embryo (data not shown). For each experiment the level of compression were quantify by measuring

the nuclear aspect ratio before and after compression.
NET-seq:
Embryo collection and fixation

All the embryo collections were performed at 22°C. Female adult flies were allowed to lay eggs for half
an hour on an apple juice-agar plate supplemented with fresh yeast. For the pool of cellularized embryos
(nc14 stage), the plate was collected two hours later, as opposed to three hours for the gastrulating
one. Harvested embryos were dechorionated then washed in PBT and water. Additional washes were
performed in 120 mM NaCl, 0.04% Triton then twice in 120 mM NaCl before freezing the embryos in

liquid nitrogen. After fixation, embryos were stored at -80°C.
Net-seq and library preparation

The protocol was adapted from the dNET-seq protocol developed previously (Prudéncio et al. 2022). Slight

modifications are listed below.
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In order to optimize chromatin precipitation and avoid material loss during nuclear extraction, 600 uL
of frozen embryos were resuspended, homogenized in a Dounce homogenizer. Their nuclei were
extracted and the samples were divided in three independents pools before the chromatin

precipitation.

Immunoprecipitation of Pol II-RNA complexes was performed using sheep anti-mouse Dynabeads

(ThermoFisher), preincubated overnight with the anti-Pol Il CTD S2P antibody (gift from Dr H. Kimura).

The RNAs were selected based on their size on a precast 6% TBE urea gel (Thermofisher) using
SYBR™ Gold (Thermofisher) for nucleotide staining. RNA comprised between 30 and 150nt were excised
from the gel to proceed to library preparation after gel extraction. An amount of 100 ng of RNA was
used to prepare each library, following the standard protocol of the NEBNext” Small RNA Library Prep
Set for Illumina®. After adapter ligation and reverse transcription, the libraries were PCR amplified using
15 PCR cycles. cDNA libraries were fractionated using CleanNGS magnetic Beads to remove fragments
smaller than 130bp that include primers and dimers of primers from the libraries. The libraries were

sequenced using Novaseq SP 1 FC SR100/PE50 (Mgx plateform, Montpellier).
Differential analysis

Read pairs were trimmed using Cutadapt (version 1.13 with Python 3.4.5) (Martin 2011) to remove
adapter sequences (-m 10 -e 0.05 --match-read-wildcards -n 1). For DESeq analysis, the remaining
paired-end reads were aligned to the Drosophila reference genome (dm6) using STAR (version 2.7). Only
uniquely mapped reads were retained, extracted with SAMtools(version 0.1.19) (Li et al. 2009). Gene raw
counts were obtained using HTSeqg-count (version 0.6.1p1) , and these counts were

subsequently used as input for DESeq (Anders et al. 2015) analysis.

Exceptionally, for the generation of signal bigwig files, reads matching ribosomal RNA sequences and
the yeast genome were filtered out. The remaining reads were then aligned to the reference genome
using STAR (v2.6.0b) (Dobin et al. 2013). As before, only uniquely mapped reads were kept, extracted with
SAMtools (version 0.1.19) (Li et al. 2009), and converted to coverage signal files using bamCoverage from

deepTools (version 3.3.0) (Ramirez et al. 2016).
Gene positioning

The relative gene position within the nucleus was evaluated based on their distance to the centromere,
following the proposed nuclear organization of chromosomes in early Drosophila embryos. This
organization was supported by the correlation between mean nuclear positions obtained by smiFISH

(zfh1, twi, T48, sna_bac (CG8552), brd, sim, sna, Ncad) and the calculated distances to centromeres.

21


https://doi.org/10.1101/2025.08.25.672162
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.25.672162; this version posted August 25, 2025. 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 4.0 International license.

This correlation was previously tested for chromosomes 2 (Marshall et al. 1996). . We took genes from

chromosome Il (n=5) and Il (n=4) and found a correlation of slope = 0.6907, Y-intercept = 0.1585.

The distance to the centromere was calculated differently depending on the chromosomal arm
orientation. For left arms (2L and 3L), where the centromere is located at the end of the sequence, the

formula used was: (1 — (gene position / chromosome size)) * 0.6907 + 0.1585

For right arms (2R and 3R), where the centromere is located at the beginning of the sequence, the

formula was: (gene position / chromosome size) * 0.6907 + 0.1585

Gene position was calculated as the mean coordinate between the start and end of the coding sequence
(CDS). The chromosome sizes used in the calculations were: 2L: 23,493,794 bp; 2R: 25,286,936 bp; 3L:
28,090,333 bp; 3R: 32,079,331 bp (data from Flybase).

For the different gene subsets, these calculations were performed automatically using a custom Python

script.
Optical Tweezer:
Set up

A home-built setup was used for optical trapping measurements. The system combines a fluorescence
microscope and an active optical trapping system. This trapping system has two components: one to
precisely control the position of the optical trap on the sample, and a back focal plane interferometric
(BFPi) system to track the position of the trapped object relative to the center of the laser (Allersma et
al. 1998; Gittes and Schmidt 1998). Furthermore, the use of back focal interferometry in tissue is also
unaffected by the light's scattering due to its position in the Fourier plane of the detector (Merle et al.

2025).

For calibration and the measurements described below, a steering mirror conjugated to the pupil plane
of the microscope (Thorlabs FSM75-P01) is used to achieve nanometric laser deflection. A 3-axis

piezoelectric stage (Piezo Concept BIO3) is also used to precisely focus on the trapped object.

The optical trapping system is implemented in a conventional inverted fluorescence microscope (Leica
DMI6000 B). The objective lens used is a 100x magnification lens with a numerical aperture of 1.4 (Leica
HCX PL APO). To optimize the fill factor of the infrared laser to 85% of the objective lens pupil plane, an
X4 afocal telescope consisting of two relay lenses is used (Thorlabs ACA254-050-1064 and ACA254-200-
1064). The focused diffraction spot at the objective exit has a width of 600 nm at mid-height, allowing

for an efficient optical trap.
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The microscope is optimized for simultaneous GFP and RFP imaging combined with the infrared laser
trap, thanks to a 3-band dichroic mirror (Semrock Di03-R405/488/561/635-t1-25x36). Imaging and
optical tweezers are controlled by combining a National Instruments acquisition card with the Inscoper

synchronization box. The Inscoper software manages all synchronization steps.
Optical Tweezers calibration and rigidity measurements

An internal lipid droplet (refractive index ~1.5, average diameter ~300 nm) was first captured and used
as a probe. The laser used for trapping was centered at 1064 nm, and the power delivered to the sample
was 3.8 A for the WT and 5 A for the Kuk mutant. At this wavelength and power, tissue behavior is not

affected.

Immediately after trapping, the optical tweezers were calibrated for each measurement using the
fluctuation-dissipation theorem (FDT) at a high frequency of 1 kHz, which enables the simultaneous
estimation of trap stiffness (k), the detector, and the FDT method. A 360 nm, 2.3 Hz square laser
displacement was then applied and tracked using back focal plane interferometry to calibrate the

system and determine the membrane's elasticity.

This confirmed the data obtained using the FDT method. A lipid droplet was then trapped and used to
indent the nucleus at a depth of 1.5 pum using a fast piezoelectric stage. The droplet was then held at an
equilibrium position . After calibrating the optical tweezers using the FDT method,
the relaxation force is plotted. After three seconds, the force profile reaches equilibrium between the
force induced by the nucleus and the optical tweezers. This value can be used to calculate the tension
of the nucleus, the conversion factor (B, V/nm) and the elastic response of the medium or nucleus
membrane, even in a heterogeneous environment . This
method combines passive and active rheology using fast, small, laser-driven stimulation. In this paper,
the method draws inspiration from a multiplexed FDT method to enhance the efficiency
of the process using an active, square, laser-driven sequence. The optical trap is calibrated for each
measurement using a 7-second recording of passive and active trajectories consisting of a 2.3 Hz square

pattern at the highest frequency.

To test this method, a droplet was pushed against the nuclear envelope at a depth of 1.5 um, and the
FDT method with a 360 nm, 2.3 Hz square laser displacement was applied and tracked using back focal

plane interferometry to calibrate the system and determine the elasticity.

Then, the trap was deactivated, and the droplet moved away from the nucleus, allowing observation of

nuclear relaxation in fluorescence.
Force Induction & Transcription response
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For this experiment, the same home-built setup used for optical trapping measurements was employed.
To deform nuclei and monitor the transcriptional response, an automated acquisition sequence was

designed as follows:

Phase 1: Pre-indentation: The 488 nm led was focused at 15% power; the optical trap was inactive. Z-
stack acquisition of 15 slices with a 0.4 um step size was performed, repeated 20 times at 1.5 seconds

per stack.

Phase 2: Indentation: The 488 nm led remained focused at 15% power; the optical trap was activated
using a 500 nm square wave modulation at 0.5 Hz. Z-stack acquisition of 15 slices with a 0.4 um step

size was again repeated 20 times at 1.5 seconds per stack.

Phase 3: Brightfield snapshot: A single-plane brightfield image was captured at the center of the Z-stack,

corresponding to the trap’s focal plane.

Prior to launching the automated sequence, nuclei were selected based on the presence of an active
transcription site (TS). The trap, initially inactive, was positioned as close as possible to the nuclear
envelope, identified in brightfield imaging by the contrast difference between the nucleus and

cytoplasm. This positioning method was the same as described in Figure 4A for nuclear deformation.

The trap position was determined using a predefined region of interest (ROI) set before the start of the
experiment. To enhance the signal-to-noise ratio, 2x2 pixel binning was applied. Successful indentation
was validated by visually confirming nuclear deformation in the brightfield snapshot acquired at the trap

focal plane.
Quantification and statistical analysis:
Nuclear segmentation

Nuclei segmentation was performed using immunofluorescence staining with an anti-Lamin DmO
antibody. Cellpose (Stringer et al. 2021), configured with the cyto2 model, was used for segmentation,
applying a flow threshold of 0.4 and adjusting the estimated cell diameter per image to optimize results.
The resulting labels were then filtered with the Morpholib] plugin (Legland et al. 2016) using Label Size
Filtering (Greater_Than; Size Limit: 50,000 pixels). The central (middle) plane of each nuclear mask was
extracted using a custom macro in Fiji. Given the variability in nuclear orientation, each nucleus was re-
aligned with the image's y-axis to minimize artifacts in aspect ratio and deformation index

measurements. Quantification was restricted to nuclei located within the invagination.

Nuclear aspect ratio and Volume
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Nuclear aspect ratio and volume were quantified using Label Analyzer (2D,3D) from the SCF-MPICBG

plugin in Fiji (Version 1.2.0).

Deformation index

The deformation index was analyzed only in the apical and not over the whole nucleus. The upper part
of each nucleus was defined using coordinates obtained from the "Label Analyzer (2D, 3D)" of the SCF-
MPICBG plugin, based on the center of mass and bounding box. Based on a selection of the upper part
of the nucleus, angles were calculated using the Array.getVertexAngle function from Fiji. The
deformation index for each nucleus was defined as the mean of the top 10% maximum angles. These

angles were also used to compare their distribution between in wild-type and kuk mutant nuclei.

% Deformed Nucleus

Based on the angles calculated for the deformation index, a nucleus was classified as deformed if it
contained at least one angle greater than 60°. This threshold was chosen because it showed the most
significant contrast between embryos at the cellularization stage, which predominantly contain
undeformed nuclei, and embryos during invagination, which mainly exhibit deformed nuclei (data not

shown).
Nuclei 3D reconstruction

Based on the segmented nuclear masks, 3D reconstructions were generated using the Surface tool in

IMARIS.
smiFISH TS analysis

smiFISH analysis was performed using previously published custom Python software (Dufourt et al. 2021)

available online: https://github.com/ant-trullo/smFiSH software. From this analysis, we extracted all TS,

with their normalized intensities and 3D positions. Using the same method as for quantifying the “% of
deformed nuclei” but applied manually. We determined, in the smiFISH images, which nuclei were
deformed or not. For each nucleus, we then assessed whether it contained TS. If the TS coordinates
identified manually in Fiji were also confirmed by the Python analysis, the TS was validated and counted.
This approach allowed us to quantify the “number of active TS” and the “TS intensity per nucleus” which
corresponds to the sum of normalizes intensities of all TS within a given nucleus. TS positions along the

apico-basal axis were analyses manually on Fiji.

Compression experiment
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Live transcription was analyze using a features (detection and tracking MS2/MCP TS in the absence of a
nuclear marker) of a custom Python software previously published (Pimmett et al. 2025) available

online: https://github.com/ant-trullo/OptoTrack. From this analysis, we extracted all TS with their

normalized intensities and 3D positions. Only tracks with a duration of at least 10% of the total imaging
time were retained for analysis. The "Intensity Ratio" before and after compression was calculated as
the ratio of the mean intensity of all tracks during the 5 minutes (corresponding to 20-time frames)

before and after compression.

The “Nucleus deformation” were manually assessed in Fiji, based on the shadow projected by the
nucleus in the Sgh signal. 10 nuclei were quantified after and before to do the “Nucleus deformation”

ratio also use as a read out of the level compression apply for each experiment.
Transcription response to Force induction:

Movies recorded with the trap off and on were concatenated. Only movies in which TS remained entirely
within the Z-stack throughout the acquisition were included in the analysis. Prior to analysis, bleach
correction and bandpass filtering were applied in Fiji. The same Python-based software used for the

compression experiments was then employed for quantification.

The distance between the TS and the trap was calculated using the 3D coordinates of the TS extracted
from the first frame and the trap position, defined by a manually placed ROI during the experiment and

register within the movie metadata.

The "TS Intensity Ratio" was defined as the ratio between the mean normalized intensity of the last 10
frames with the trap off and the mean normalized intensity of the last 10 frames with the trap on. For

each experiment, one TS from an unmanipulated nucleus was used as a control.
Optical Tweezers: Relaxion

Nuclear relaxation was assessed by comparing the nuclear area in 2D before and after the indentation
phase. A nucleus was considered to have undergone complete relaxation if its area after indentation
(end of the movie) comprised at least 95% of its area before indentation (beginning of the movie). Values
below this threshold were classified as partial relaxation. Note: none of the indentations were

maintained. Nuclear areas were manually measured using Fiji.
Heterochromatin analysis:

Heterochromatin 3D was performed using the DAPI staining. Cellpose configured with the cyto2 model,
was used for segmentation, applying a flow threshold of 0.4 and adjusting the estimated cell diameter

per image to optimize results. Volume and total intensity were quantified using Label Analyzer (2D,3D)
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from the SCF-MPICBG plugin in Fiji (Version 1.2.0). Total intensity values were normalized to the mean
DAPI signal of the euchromatin.

Lamin analysis:

A Lamin-RFP knock-in line was used to visualize the lamin signal along the nuclear envelope at the
nuclear mid-plane. A custom Fiji macro was developed to extract the signal around the entire nuclear
contour. Apical and basal regions were defined as the top 25% and bottom 25% of positions,
respectively, relative to the mean vertical position of each nucleus. The apical-to-basal intensity ratio

was then calculated and plotted.

27


https://doi.org/10.1101/2025.08.25.672162
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.25.672162; this version posted August 25, 2025. 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 4.0 International license.

References

Allersma, M. W., F. Gittes, M. J. deCastro, R. J. Stewart, and C. F. Schmidt. 1998. “Two-Dimensional
Tracking of Ncd Motility by Back Focal Plane Interferometry.” Biophysical Journal 74 (2 Pt 1):
1074-85. https://doi.org/10.1016/S0006-3495(98)74031-7.

Ambrosini, Arnaud, Mégane Rayer, Bruno Monier, and Magali Suzanne. 2019. “Mechanical Function
of the Nucleus in Force Generation during Epithelial Morphogenesis.” Developmental Cell 50
(2): 197-211.e5. https://doi.org/10.1016/].devcel.2019.05.027.

Anders, Simon, Paul Theodor Pyl, and Wolfgang Huber. 2015. “HTSeqg--a Python Framework to Work
with High-Throughput Sequencing Data.” Bioinformatics (Oxford, England) 31 (2): 166—69.
https://doi.org/10.1093/bioinformatics/btu638.

Bothma, Jacques P., Hernan G. Garcia, Samuel Ng, Michael W. Perry, Thomas Gregor, and Michael
Levine. 2015a. “Enhancer Additivity and Non-Additivity Are Determined by Enhancer
Strength in the Drosophila Embryo.” eLife 4 (August): e07956.
https://doi.org/10.7554/elife.07956.

Bothma, Jacques P., Hernan G. Garcia, Samuel Ng, Michael W. Perry, Thomas Gregor, and Michael
Levine. 2015b. “Enhancer Additivity and Non-Additivity Are Determined by Enhancer
Strength in the Drosophila Embryo.” eLife 4 (August): e07956.
https://doi.org/10.7554/elife.07956.

Calderon, Diego, Ronnie Blecher-Gonen, Xingfan Huang, et al. 2022. “The Continuum of Drosophila
Embryonic Development at Single-Cell Resolution.” Science 377 (6606): eabn5800.
https://doi.org/10.1126/science.abn5800.

Cho, Sangkyun, Jerome Irianto, and Dennis E. Discher. 2017. “Mechanosensing by the Nucleus: From
Pathways to Scaling Relationships.” The Journal of Cell Biology 216 (2): 305-15.
https://doi.org/10.1083/jcb.201610042.

Comings, D. E. 1980. “Arrangement of Chromatin in the Nucleus.” Human Genetics 53 (2): 131-43.
https://doi.org/10.1007/BF00273484.

Desprat, N., W. Supatto, P. A. Pouille, E. Beaurepaire, and E. Farge. 2008. “Tissue Deformation
Modulates Twist Expression to Determine Anterior Midgut Differentiation in Drosophila
Embryos.” In Dev Cell, No. 3, vol. 15. no. 3. https://doi.org/10.1016/j.devcel.2008.07.009.

Dobin, Alexander, Carrie A. Davis, Felix Schlesinger, et al. 2013. “STAR: Ultrafast Universal RNA-Seq
Aligner.” Bioinformatics (Oxford, England) 29 (1): 15-21.
https://doi.org/10.1093/bioinformatics/bts635.

Dufourt, Jeremy, Maelle Bellec, Antonio Trullo, et al. 2021. “Imaging Translation Dynamics in Live
Embryos Reveals Spatial Heterogeneities.” Science (New York, N.Y.) 372 (6544): 840—44.
https://doi.org/10.1126/science.abc3483.

Dupont, Sirio, and Sara A. Wickstrom. 2022. “Mechanical Regulation of Chromatin and
Transcription.” Nature Reviews. Genetics 23 (10): 624—43. https://doi.org/10.1038/s41576-
022-00493-6.

Elosegui-Artola, A., I. Andreu, A. E. M. Beedle, et al. 2017. “Force Triggers YAP Nuclear Entry by
Regulating Transport across Nuclear Pores.” In Cell, No. 6, vol. 171. no. 6.
https://doi.org/10.1016/j.cell.2017.10.008.

Farge, E. 2003. “Mechanical Induction of Twist in the Drosophila Foregut/Stomodeal Primordium.” In
Curr Biol, No. 16, vol. 13. no. 16. https://doi.org/10.1016/s0960-9822(03)00576-1.

Font-Noguera, Meritxell, Marianne Montemurro, Corinne Benassayag, Bruno Monier, and Magali
Suzanne. 2021. “Getting Started for Migration: A Focus on EMT Cellular Dynamics and
Mechanics in Developmental Models.” Cells & Development 168 (December): 203717.
https://doi.org/10.1016/j.cdev.2021.203717.

Gelbart, M. A, B. He, A. C. Martin, S. Y. Thiberge, E. F. Wieschaus, and M. Kaschube. 2012. “Volume
Conservation Principle Involved in Cell Lengthening and Nucleus Movement during Tissue
Morphogenesis.” In Proc Natl Acad Sci U S A, No. 47, vol. 109. no. 47.
https://doi.org/10.1073/pnas.1205258109.

28


https://doi.org/10.1101/2025.08.25.672162
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.25.672162; this version posted August 25, 2025. 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 4.0 International license.

Gittes, F., and C. F. Schmidt. 1998. “Interference Model for Back-Focal-Plane Displacement Detection
in Optical Tweezers.” Optics Letters 23 (1): 7-9. https://doi.org/10.1364/0l.23.000007.

Hsia, Chieh-Ren, Jawuanna McAllister, Ovais Hasan, et al. 2022. “Confined Migration Induces
Heterochromatin Formation and Alters Chromatin Accessibility.” iScience 25 (9): 104978.
https://doi.org/10.1016/j.isci.2022.104978.

Ing-Simmons, Elizabeth, Roshan Vaid, Xin Yang Bing, Michael Levine, Mattias Mannervik, and Juan M.
Vaquerizas. 2021. “Independence of Chromatin Conformation and Gene Regulation during
Drosophila Dorsoventral Patterning.” Nature Genetics 53 (4): 487-99.
https://doi.org/10.1038/s41588-021-00799-x.

Killaars, Anouk R., Joseph C. Grim, Cierra J. Walker, Ella A. Hushka, Tobin E. Brown, and Kristi S.
Anseth. 2019. “Extended Exposure to Stiff Microenvironments Leads to Persistent Chromatin
Remodeling in Human Mesenchymal Stem Cells.” Advanced Science (Weinheim, Baden-
Wurttemberg, Germany) 6 (3): 1801483. https://doi.org/10.1002/advs.201801483.

Legland, David, Ignacio Arganda-Carreras, and Philippe Andrey. 2016. “MorpholibJ: Integrated
Library and Plugins for Mathematical Morphology with Imagel.” Bioinformatics 32 (22):
3532-34. https://doi.org/10.1093/bioinformatics/btw413.

Li, Heng, Bob Handsaker, Alec Wysoker, et al. 2009. “The Sequence Alignment/Map Format and
SAMtools.” Bioinformatics 25 (16): 2078-79. https://doi.org/10.1093/bioinformatics/btp352.

Marshall, W. F., A. F. Dernburg, B. Harmon, D. A. Agard, and J. W. Sedat. 1996. “Specific Interactions
of Chromatin with the Nuclear Envelope: Positional Determination within the Nucleus in
Drosophila Melanogaster.” Molecular Biology of the Cell 7 (5): 825-42.
https://doi.org/10.1091/mbc.7.5.825.

Martin, Marcel. 2011. “Cutadapt Removes Adapter Sequences from High-Throughput Sequencing
Reads.” EMBnet.Journal 17 (1): 1. https://doi.org/10.14806/ej.17.1.200.

Maurer, M., and J. Lammerding. 2019. “The Driving Force: Nuclear Mechanotransduction in Cellular
Function, Fate, and Disease.” In Annu Rev Biomed Eng, vol. 21.
https://doi.org/10.1146/annurev-bioeng-060418-052139.

Merle, Tatiana, Martine Cazales, Ronan Bouzignac, Brice Ronsin, Christian Rouviére, and Magali
Suzanne. 2025. “Compressive Stress Drives Morphogenetic Apoptosis.” Cell Reports, August,
2024.02.08.579454. https://doi.org/10.1101/2024.02.08.579454.

Na, Sungsoo, Olivier Collin, Farhan Chowdhury, et al. 2008. “Rapid Signal Transduction in Living Cells
Is a Unique Feature of Mechanotransduction.” Proceedings of the National Academy of
Sciences of the United States of America 105 (18): 6626—-31.
https://doi.org/10.1073/pnas.0711704105.

Nava, M., Y. A. Miroshnikova, L. C. Biggs, et al. 2020. “Heterochromatin-Driven Nuclear Softening
Protects the Genome against Mechanical Stress-Induced Damage.” In Cell, No. 4, vol. 181. no.
4. https://doi.org/10.1016/j.cell.2020.03.052.

Pimmett, Virginia, Douaihy, Maillard, et al. 2024. “Coordinated Active Repression Operates via
Transcription Factor Cooperativity and Multiple Inactive Promoter States in a Developing
Organism.” bioRxiv. doi: https://doi.org/10.1101/2024.11.28.623729, in Press Nature
Commes.

Pimmett, Virginia L., James McGehee, Antonio Trullo, et al. 2025. “Optogenetic Manipulation of
Nuclear Dorsal Reveals Temporal Requirements and Consequences for Transcription.”
Development (Cambridge, England) 152 (6): dev204706.
https://doi.org/10.1242/dev.204706.

Prudéncio, Pedro, Rosina Savisaar, Kenny Rebelo, Rui Gongalo Martinho, and Maria Carmo-Fonseca.
2022. “Transcription and Splicing Dynamics during Early Drosophila Development.” RNA
(New York, N.Y.) 28 (2): 139-61. https://doi.org/10.1261/rna.078933.121.

Ramirez, Fidel, Devon P. Ryan, Bjorn Griining, et al. 2016. “deepTools2: A next Generation Web
Server for Deep-Sequencing Data Analysis.” Nucleic Acids Research 44 (W1): W160-165.
https://doi.org/10.1093/nar/gkw257.

29


https://doi.org/10.1101/2025.08.25.672162
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.25.672162; this version posted August 25, 2025. 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 4.0 International license.

Solovei, Irina, Moritz Kreysing, Christian Lanct6t, et al. 2009. “Nuclear Architecture of Rod
Photoreceptor Cells Adapts to Vision in Mammalian Evolution.” Cell 137 (2): 356—68.
https://doi.org/10.1016/j.cell.2009.01.052.

Stephens, A. D., E. J. Banigan, S. A. Adam, R. D. Goldman, and J. F. Marko. 2017. “Chromatin and
Lamin A Determine Two Different Mechanical Response Regimes of the Cell Nucleus.” In Mol
Biol Cell, No. 14, vol. 28. no. 14. https://doi.org/10.1091/mbc.E16-09-0653.

Stringer, Carsen, Tim Wang, Michalis Michaelos, and Marius Pachitariu. 2021. “Cellpose: A Generalist
Algorithm for Cellular Segmentation.” Nature Methods 18 (1): 100-106.
https://doi.org/10.1038/s41592-020-01018-x.

Sun, Jian, Junwei Chen, Kshitij Amar, Yanyan Wu, Mingxing Jiang, and Ning Wang. 2023. “LAP2j
Transmits Force to Upregulate Genes via Chromatin Domain Stretching but Not
Compression.” Acta Biomaterialia 163 (June): 326—38.
https://doi.org/10.1016/j.actbio.2021.10.029.

Sun, Jian, Junwei Chen, Erfan Mohagheghian, and Ning Wang. 2020. “Force-Induced Gene up-
Regulation Does Not Follow the Weak Power Law but Depends on H3K9 Demethylation.”
Science Advances 6 (14): eaay9095. https://doi.org/10.1126/sciadv.aay9095.

Sun, Jingjing, Chen Zhang, Fan Gao, and Angelike Stathopoulos. 2023. “Single-Cell Transcriptomics
Illuminates Regulatory Steps Driving Anterior-Posterior Patterning of Drosophila Embryonic
Mesoderm.” Cell Reports 42 (10). https://doi.org/10.1016/j.celrep.2023.113289.

Tajik, A., Y. Zhang, F. Wei, et al. 2016. “Transcription Upregulation via Force-Induced Direct Stretching
of Chromatin.” In Nat Mater, No. 12, vol. 15. no. 12. https://doi.org/10.1038/nmat4729.

Tsanov, Nikolay, Aubin Samacoits, Racha Chouaib, et al. 2016. “smiFISH and FISH-Quant - a Flexible
Single RNA Detection Approach with Super-Resolution Capability.” Nucleic Acids Research 44
(22): e165. https://doi.org/10.1093/nar/gkw784.

Wang, Ning, Jessica D. Tytell, and Donald E. Ingber. 2009. “Mechanotransduction at a Distance:
Mechanically Coupling the Extracellular Matrix with the Nucleus.” Nature Reviews. Molecular
Cell Biology 10 (1): 75—-82. https://doi.org/10.1038/nrm2594.

Yang, J., P. Antin, G. Berx, et al. 2020. “Guidelines and Definitions for Research on Epithelial-
Mesenchymal Transition.” In Nat Rev Mol Cell Biol, No. 6, vol. 21. no. 6.
https://doi.org/10.1038/s41580-020-0237-9.

30


https://doi.org/10.1101/2025.08.25.672162
http://creativecommons.org/licenses/by-nc/4.0/

