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Abstract

Resected tumors frequently relapse with distant metastasis, despite systemic treatment. Cellular
quiescence has been identified as an important mechanism underlying such drug resistance enabling
late relapse. Nonetheless, hurdles associated with detection and isolation of disseminated cancer
cells (DCCs) in disease-free patients urge the need for in vitro models of quiescent cells suited for
drug screening campaigns. Here, we explore a quiescence-inducing 3D-engineered matrix based on
ultraviolet light-initiated thiol-ene-crosslinked alginate hydrogels, which generate mechanical
confinement and induce growth arrest and survival against chemotherapy in cancer cells. As
underlying mechanism, we identified stiffness-dependent nuclear localization of the four-and-a-
half LIM domains 2 (FHL2) protein, leading to p353-independent high p21¢PV/Wafl nyclear
expression, validated in murine and human tissue. Suggestive of a resistance-causing role, cells in
the quiescence-inducing matrix became sensitive against chemotherapy upon FHL2
downregulation. Thus, our biomaterial-based approach will enable systematic screens for novel
compounds suited to eradicate potentially relapsing, dormant cancer cells.
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Introduction

Most cancer-associated deaths are due to metastasis, with eventual relapses spanning from
years to decades despite adjuvant and chemotherapies(/, 2). Cancer dormancy has been described
as one of the main mechanisms of evasion, which, due to its asymptomatic nature, poses significant
technical and ethical challenges for the identification, isolation and investigation of DCCs(3). This
calls for reliable in vitro culture systems to mimic this geno/phenotypic state to finally enable
scalable drug screening campaigns for the identification of promising target drugs. Material-based,
bioengineered-niche approaches have been previously pursued to induce and/or preserve the
quiescence of astrocytes(4) and muscle stem cells(5), maintain neural progenitor(6) and
hematopoietic cell stemness(7), investigate mechanical memory(8) and differentiation of stem
cells(9), as well as to investigate cancer cell cycle progression(/0, /7). Here, we harnessed a similar
approach by developing ultraviolet (UV) light-initiated, thiol-ene-mediated, covalently-crosslinked
alginate hydrogels, which through 3D mechanical confinement induce and maintain large
populations of single breast cancer cells in a growth-arrested state. We showed that artificial
quiescence-inducing matrices select for distinct populations of growth-arrested cells, with cells in
the Go/G1 cell cycle phase being more resistant to confinement. Combined with RNA sequencing,
we revealed a stiffness-dependent nuclear localization of the four-and-a-half LIM domains 2
(FHL2) protein as an underlying mechanism of quiescence, leading to a p53-independent high
p21CPI/Wafl nyclear expression, validated in murine and human tissue. Suggestive of a growth
arrest-mediated drug resistance, quiescent cells became sensitive against drug treatment upon FHL2
downregulation. This biomaterial-based approach with mechanically-induced quiescent cancer
cells offers therapeutic applications as a simple and scalable method, to investigate large
populations of dormant cancer cells, otherwise rare and inaccessible in large numbers from clinical
settings, and for high throughput drug screens of novel compounds to eradicate potentially relapsing
DCCs.

Results

3D mechanical confinement via covalently-crosslinked alginate yields distinct fractions and
populations of growth-arrested cells based on hydrogel composition

Building on the now widely acknowledged role of the ECM in cancer induction and
progression(/2, 13), we employed a versatile ECM-mimicking hydrogel encapsulation approach to
investigate the effect of ECM-mediated 3D mechanical confinement on cell cycle progression. We
used ultraviolet (UV) light-initiated thiol-ene-crosslinked alginate(/4), an inherently inert hydrogel
(non-cell adherent and non-degradable) which allows for selective modulation of parameters such
as stiffness, cell adhesion or degradation (Fig.1a). Cells were encapsulated in the presence (or
absence) of adhesion ligands (RGD), within degradable matrix metalloproteinases (MMP)-
sensitive or non-degradable dithiothreitol (DTT)-crosslinked hydrogels (Fig.la and Supp.Fig.1).
The stiffness of the hydrogels ranged between 0.5-13kPa as a function of crosslinker concentration
(Fig.1b). To monitor cell cycle progression in real-time, we genetically modified widely-used
triple-negative MDA-MB-231 (MDA231) and luminal MCF7 breast cancer cell (BCC) lines,
known to disseminate to secondary organs in in vivo models, with the fluorescence-ubiquitination-
based cell cycle indicator 2 (FUCCI2)(15, 16) (Fig.1c). Time-lapse imaging of MDA-FUCCI2 cells
encapsulated within alginate hydrogels of different stiffness (soft for 1kPa and stiff for 10kPa),
adhesion and degradation properties, as well as on two-dimensional tissue culture plastic (2D-TCP)
and in 3D Matrigel, was performed over a period of 4-5 days, followed by quantification of the cell
cycle state at the experimental endpoint (Fig.1d, Supp.Mov.1). 3D Matrigel and 2D TCP yielded
highly proliferative (Ki67+) and metabolically active cells (resazurin reduction) in the form of 3D
spheroids and single cells, respectively (Fig.1d, Supp.Fig.2b,d). Cells within the 3D alginate groups
remained mostly as single cells, with the highest fraction of S/G2/M phase cells being in the soft
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95  group, while the stiff adherent (RGD) and degradable (MMP-sensitive) groups displayed a lower

96  percentage of S/G2/M and higher fraction of Go/G1 phase cells (Fig.1d). 3D alginate stiff yielded

97  the highest fraction of cell cycle-arrested cells over 5 days (Fig.1d), while preserving high viability

98  (Supp.Fig.2a). Interestingly, we noticed different sub-populations of cell cycle-arrested cells as a

99  function of the expression (or lack of) of the licensing factor cdtl (Go/G: cdtl+/—; Fig.1d, Fig.2a,
100 Supp.Mov.2-7). A recent mapping of protein dynamics during cell cycle progression revealed that
101 the expression patterns of cdtl is highly dynamic and distinctive of different levels of quiescence,
102 with the lowest (cdt1-) identifying a longer time spent in a growth-arrested state(/7). MDA231 cells
103 in quiescence-inducing alginate stiff hydrogels displayed higher resistance to chemotherapy
104  compared to cells in proliferation-permissive 3D Matrigel (Supp.Fig.2e) and, reminiscent of post-
105 therapeutic relapses in clinical settings, were able to exit the growth-arrested state and resumed
106  proliferation when retrieved from the hydrogels and seeded on 2D TCP (Supp.Fig.2c).

107  Dynamics of cell cycle and viability correlation reveal that Go/G; cells are substantially more
108  resistant to 3D mechanical confinement than cells in the S/G2/M phase

109 To understand the dynamics of 3D mechanical confinement-induced growth arrest, we
110  tracked single-cell MDA-FUCCI2 fluorescence intensity (f.i.) within stiff hydrogels. Cells which
111 were in the Go/G1 state at the time of encapsulation, had either lost (cdtl-) (Fig.2al, b) or kept
112 (cdtl+) (Fig.2a2, b) their fluorescence by the end of the experiment. On the other hand, in almost
113 every cell initially in the S/G2/M phase, we observed a decrease in f.i. within the first few hours
114 after encapsulation (Fig.2a3, b). By correlating cell’s FUCCI2 imaging and in situ viability staining
115 (calcein+; Fig.2c), we revealed that the vast majority of viable cells at day 5 were initially in the
116  Go/Gi cycle state (Fig.2c, d). We validated these results for MCF7-FUCCI2 cells (Fig.2d),
117 confirming that cells in the Go/G state are more resilient to 3D mechanical confinement compared
118  to cells in the S/G2/M phase.

119  Gene expression analysis of cells in quiescence-inducing versus proliferation-permissive 3D
120  matrices

121 We then looked into the gene expression of quiescence-induced cells in more details. RNA-
122 sequencing on live cells retrieved from 3D alginate stiff (Fig.3a) revealed enrichment of cell cycle
123 and retinoblastoma-associated molecular pathways (Fig.3b-d, Supp.Fig.3, 4), as well as regulation
124 of senescence, autophagy and apoptosis processes when compared to cells retrieved from 3D
125 Matrigel. In particular, we noticed strong enrichment of inflammatory response-associated
126  pathways (TNF, NFkB and IL-17 signaling) and DNA damage stimuli response (ATM, p53 and
127 miRNA regulation of DNA damage) (Fig.3b-e, Supp.Fig.3, 4). Intriguingly, we noticed that despite
128  increased mRNA expression of cdknla (coding for the p21 protein) upon culture in 3D alginate
129 stiff compared to 3D Matrigel, the levels of its key upstream cell cycle regulator p53 is lower
130 (Fig.3e), hinting to a potential p53-independent mechanism regulating p21 expression(/8). This
131 matches the lack of correlation of p53-p21 observed in patients with estrogen receptor negative
132 (ER-) breast cancer (Supp.Fig.5). Noticing the particularly high levels of p21 (cdknla) expression
133 among other genes in 3D alginate (Fig.3e) and its relevance in cell cycle regulation, we decided to
134  investigate the role of p21 in regulating mechanically-induced cancer cell cycle arrest in more
135 detail.

136 p21 and FHL2 localization in 3D matrices is stiffness-dependent and FHL2 mediates p21
137 localization and Ki67 expression

138 Despite the now widely acknowledge advantages of 3D vs. 2D culture systems in studying
139 physiologically-relevant cellular processes(/9), the role of dimensionality in the expression,
140 localization and function of p21 remains underexplored. This is of utmost importance considering
141 that in cancer cells the p21 oncogenic vs. suppressing function is known to depend on its level of
142 expression and intracellular localization(/8). We therefore assessed these features across different
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143 3D culture systems, focusing on soft and stiff 3D alginate hydrogels. As expected, the fraction of
144 p2l-positive cells was significantly higher in 3D alginate stiff compared to soft or 3D Matrigel
145 (Supp.Fig.6), accompanied by strong enrichment of DNA repair-associated pathways (Fig.4a-b and
146 Supp.Fig.7). Importantly, cells in 3D alginate stiff revealed a significantly higher nuclear vs.
147 cytoplasmic (nuc./cyto. ratio) localization of p21 compared to the soft group, together with a lower
148 fraction of proliferative cells (Ki67 expression) (Fig.4c). Inhibiting MEK/ERK, PI3K/Akt and JNK,
149 as some of the major signaling pathways regulating cell proliferation, displayed a strong effect on
150  p2l localization (Fig.4d).

151 Previous work on 2D cultures had found that, in MDA231 cells, p21 is induced in response
152 to treatment with DNA damaging drugs such as doxorubicin, and this is mediated by FHL2 in a
153 p53-independent manner(20). Notably, FHL2 was shown to be stably expressed in only a small
154  subset of BCC lines with MDA231 being among the highest(20). Nonetheless, FHL2 localization
155  and functional role in physiologically-relevant 3D cultures had not been addressed. We therefore
156  investigated the nuc./cyto. ratio of FHL2 in 3D stiff compared to soft alginate hydrogels.
157 Surprisingly, and in stark contrast to 2D cultures where soft 2D substrates lead to nuclear
158 accumulation of FHL2(217), we observed a significantly higher expression and nuc./cyto. ratio of
159 FHL2 in 3D stiff compared to soft alginate hydrogels (Fig.4e). This effect was mitigated by
160  inhibiting MEK/ERK and PI3K/Akt pathways but not INK (Fig.4f). Importantly, knock-down of
161  FHL2 revealed a decrease in p21 nuclear localization in 3D stiff hydrogels (Fig.4g), as well as an
162 increase in proliferation activity (Ki67; Fig.4f), pointing to FHL2 being upstream of p21. The
163 correlated expression of cdknla and FHL?2 is also found in tumor samples of patients with ER-
164  breast cancer (Supp.Fig.8).

165  FHL2 knockdown sensitizes cells to chemotherapy

166 We then investigated whether FHL2 knockdown sensitizes cells to chemotherapy. FHL2-
167  silenced cells in 3D alginate stiff displayed higher viability and metabolic activity than wild-type
168  MDA231 when untreated (vehicle) (Fig.5a). Upon exposure to mitosis-blocking chemotherapeutic
169  Paclitaxel in a concentration-dependent fashion (0.01-0.5mM), a significant reduction in viability
170 and metabolic activity was observed (Fig.5a), pointing to a chemo-sensitizing effect upon FHL2
171 knockdown.

172 FHL2 expression and localization in murine tissue, human primary breast tumor and human
173 early DCCs

174 Finally, to assess the implications for human disease, we investigated FHL2 expression and
175  localization in a preclinical mouse model with metastatic breast cancer and in human primary tumor
176  biopsies. Remarkably, single quiescent MDA231 cells (bone-tropic 1833 subclone) spontaneously
177  disseminated to the mouse femur revealed nuclear FHL2, as opposed to proliferative clusters with
178  cytoplasmic FHL2 (Fig.5b, Supp.Fig.9). Similarly, human tissue biopsies of breast tumor reveal a
179 primarily cytoplasmic/membranous localization of FHL2 (Fig.5c), matching our observation in 3D
180  Matrigel (Fig.5d). Furthermore, we investigated human early DCCs of an M0 breast cancer patient,
181  with only microscopy evidence of metastasis and no clinical or radiographic evidence of distant
182 metastasis. Disseminated breast cancer cells (cytokeratin+, an epithelial marker) in the sentinel
183 lymph node displayed varying FHL2 signal intensity suggestive of functional heterogeneity (Fig.5e,
184 o).

185 To sum up, ligand-rich, proliferation-permissive microenvironments maintain FHL2 in the
186  membranous regions, whereas in low or non-adherent microenvironments the increase in
187  mechanical confinement (stiffness) results in FHL2 translocation to the nucleus, leading to high
188 p21 nuclear expression, cell cycle arrest and chemo-resistance (Fig.6).

189

190
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191 Discussion

192 In this study, we use a 3D quiescence-inducing engineered matrix to investigate a
193 mechanism of chemoresistance in mechanically-induced dormant BCCs. Systematic tuning of three
194  variables (adhesion via RGD, degradability through MMP-sensitive crosslinkers and stiffness)
195  enables generation of different fractions of cell populations with defined and controllable cell cycle
196  status. Here, we harness this approach and reveal a stiffness-dependent nuclear localization of the
197 FHL2 protein which leads to p53-independent nuclear expression of p21 as a quiescence and
198  resistance-conferring mechanism. We further show that the expression and localization of both p21
199  and FHL2 in 3D to be strikingly different than previously-reported 2D studies, where FHL2
200  shuttling to the nucleus was shown to be substrate rigidity-dependent, such that on soft surfaces (as
201  opposed to stiff substrates where mechanical tension is higher) it would translocate to the nucleus
202 and induce p21 expression(2/). In contrast, in 3D matrices ligand-rich environments such as in
203  basement membrane matrices or primary breast tumor sites, FHL2 accumulates in adhesion
204  sites(21), whereas loss of adhesion (occurring in intrinsically non-adherent materials such as
205  alginate), results in FHL2 release from sub-membranous regions and shuttling to cytoplasmic (soft
206  alginate) and nuclear (stiff alginate) regions. This cascade leads to p21 nuclear expression, cell
207  cycle arrest and drug resistance for the latter (Fig.5e). Such dimensionality-dependent behavior has
208  been similarly reported for YAP mechanotransduction in the context of breast tumor
209  progression(22) and stem cell fate(23). Thus, it is critical to take into account the context-dependent
210  role of the FHL2-p21 signaling axis, given its potential dual oncogenic vs. suppressive function(/8,
211 24). Notably, omission of adhesion ligands in our quiescence-inducing matrix was intentional,
212 stemming from recent in vivo observations(25) where single DCCs were shown to reside in a
213 dormant state with expressed but not engaged integrin receptors. Other studies have similarly
214 observed DCCs expressing low levels of adhesion molecules(26), and integrin activation being a
215 central mediator leading to their awakening(26—29).

216 FHL2 has been previously shown to concentrate at RNA polymerase (Pol) II sites(27),
217  inducing c-Jun, IL6 and IL8 transcription. This is reflected in our sequencing data by the strong
218 enrichment of RNA Pol II associated genes, with JUN, IL6 and IL8 being among the top ten (out
219 of 9427) differentially regulated genes in the alginate stiff group (Fig.3b-e). This is in line with a
220 recent study showing IL6 pathway activation in patient-derived early disseminated BCC in bone
221 marrow(30).

222 To further support our findings, we investigated breast cancer cells disseminated to the bone
223 in a metastasis mouse model, human tissue biopsies of primary breast cancer and early DCCs of an
224 MO breast cancer patient. Here we noted nuclear FHL2 localization in single dormant DCCs
225 (Fig.5b) as opposed to cytoplasmic FHL2 corresponding to high proliferation activity (Ki67+) in a
226  mouse model of breast cancer metastasis (Fig 5b). Likewise, cytoplasmic/membranous FHL2 is
227  observed in human primary breast tumor biopsies (Fig.5¢) matching the findings of proliferating
228  cancer cells in 3D Matrigel (Fig. 5d). This is in agreement with screenings of normal and malignant
229  human breast tissues revealing higher FHL2 expression for the latter, as shown in previous
230  studies(20, 37/) and UALCAN database, while high FHL2 expression in ER- patients is associated
231 with lower relapse-free survival rate (Supp.Fig.10). A number of disseminated breast cancer cells
232 (cytokeratint) were found in the sentinel lymph node both as single cells (Fig. 5¢) and within cell
233 clusters (Fig. 5f). We noted a substantial heterogeneity among the DCCs, further supporting the
234 notion that various phenotypes exist in patients that may require different targeting approaches.

235 To conclude, we identify a stiffness-mediated FHL2 signaling mechanism in 3D
236  bioengineered matrices inducing breast cancer cell quiescence and drug resistance, which
237  recapitulates several aspects of patient-derived DCCs and mouse models of metastasis. Further, this
238 approach can be exploited to generate large populations of single growth-arrested cells for simple,
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239 fast and potentially scalable drug screening, since these are known to be rare and inaccessible in
240  large numbers from clinical settings.

241

242 Materials and Methods

243 Synthesis of peptide-crosslinked alginate hydrogels

244 Norbornene-modified alginate hydrogels with thiol-ene crosslinking were synthesized as
245 previously described(32). Briefly, high molecular weight (265 kDa; HMW), high guluronic acid,
246  sodium alginate (Pronova MVG; NovaMatrix) was dissolved at 1% w/v in 0.1 M 2-
247  (N- morpholino)ethanesulfonic acid (MES; Sigma-Aldrich), 0.3M NaCl (EMD Millipore) buffer
248 (pH 6.5) overnight at room temperature. N-hydro-xysuccinimide (NHS; Sigma-Aldrich), followed
249 by l-ethyl-3-(3-dimethylami-nopropyl)-carbodiimide hydrochloride (EDC; Sigma-Aldrich) were
250  added drop-wise at 5000 molar equivalents to the alginate solution while stirring. To functionalize
251  the alginate backbone with norbornene functional groups, 5-norbornene-2-methylamine (TCI
252 Deutschland GmbH) was added at a theoretical degree of substitution (DStheo) of 300 molecules
253 per alginate chain. The final concentration of both reactions was 0.6% w/v and was run while
254 stirring at 700 rpm at room temperature for 20 h. Next, the solution was quenched by adding
255 hydroxylamine (Sigma-Aldrich), followed by dialysis (Spectra/Por 6, MWCO 3.5 kDa; Spectrum)
256  against a salt gradient (6 g/L to 0 g/L; Sigma-Aldrich) in ddH2O for 3 days with 3-4 changes per
257  day. The solution was then purified with activated charcoal (Sigma-Aldrich), sterile-filtered (0.22
258  um; Steriflip-GP; Merck) and lyophilized. To assess the actual degree of substitution, NMR
259  measurements were performed using an Agilent 600 MHz PremiumCOMPACT equipped with
260  Agilent OneNMR Probe (256 scans), with samples dissolved at a final concentration of 1.5% w/v
261 in deuterium oxide (D>0O) (Supp. Fig 1b, c).

262 Casting of peptide-crosslinked alginate hydrogels

263 For hydrogel casting, the VPMS|MRGG sequence was chosen as the enzymatically-
264  degradable peptide crosslinker (| denotes the MMP cleavage site), ordered from WatsonBio
265  Sciences at 98% purity with trifluoroacetic acid removal (Supp. Fig 1d). Double-cysteine
266  containing dithiothreitol (DTT, Sigma-Aldrich, 43816) was used as the non-degradable crosslinker.
267  Before casting, norbornene-modified alginate and the photoinitiator (Irgacure 2959; Sigma-
268  Aldrich) were dissolved in phosphate-buffered saline (PBS) overnight at 50 °C under shaking.
269  Alginate and photoinitiator concentrations were kept at 2 and 0.5% w/v respectively. The
270  concentration of the crosslinker was changed to yield hydrogels with different mechanical
271  properties. After mixing, the solution was pipetted with positive-displacement pipettes on a glass
272 plated and covered with a dichloromethylsilane-coated glass slide (=99.5%; Sigma-Aldrich). To
273 initiate thiol-ene crosslinking, the mixture was exposed to UV light (365 nm at 10 mW/cm?,
274 OmniCure S2000) by placing the gel sheet in a custom-built curing chamber for 10 min. Gels were
275 then punched out using biopsy punches of 4-6 mm (Integra Miltex) and washed with PBS until
276  further use. To render norbornene-modified alginate adherent, a thiol-containing RGD sequence
277 (CGG- GGRGDSP; Peptide 2.0) was added to the gel precursor mix (at 0.95 mM) to bind residual
278  norbornene groups via UV-mediated thiol-ene chemistry. For 3D cell encapsulation, a cell
279  suspension (5x10° cells/ mL) was added to the precursor solution and mixed before UV exposure.
280  Matrigel (356237, Corning) was used at 100% w/v concentration (~ 10mg/mL).

281 Mechanical characterization

282 Rheology measurements were performed to calculate the elastic modulus (E) of pre-formed
283 gels. Norbornene-modified alginate (2% w/v) hydrogels with different stiffness were cast by
284  changing the DTT crosslinker concentration (0.01-1 mg/mL). After gel equilibration overnight in
285  PBS, frequency sweep measurements were performed from 0.01 to 10 Hz at 1% shear strain with
286  an 8 mm parallel plate (PPO8, Anton Paar) using a rheometer (Physica MCR 301; Anton Paar),
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287  while keeping the temperature at 25 °C with a Peltier cooling module. The initial E modulus was

288  then calculated as follows: E = 2G(1+9) and G = VG'? + G''? where G, G’ and G"' are the shear,
289  storage and loss moduli, respectively, and ¥ the Poisson’s ratio with a value of 0.5 for
290  hydrogels(33).

291 Cell culture

292 MDA-MB-231 (HTB-26; ATCC), MDA-MB-231-1883 BoM (provided by Dr. Joan
293 Massagué and purchased from the Antibody and Bioresource Core Facility of the Memorial Sloan
294  Kettering Cancer Center, USA. The subclone 1833 is a bone tropic human cell line deriving from
295  a metastasis formed by MDA-MB-231 TGL cells hosted in a mouse(34, 35),which in turn are
296 MDA-MB-231 (HTB-26; ATCC) human epithelial breast cancer cells stably transduced with a
297  lentivirus expressing a triple-fusion reporter(36)) and MCF-7 (HTB-22; ATCC) human breast
298  cancer cell lines were cultured in low glucose Dulbecco’s Modified Eagle’s Medium (D6046;
299 Sigma-Aldrich) with 10% v/v fetal bovine serum (S0615, Sigma-Aldrich) and 1%
300  penicillin/streptomycin (Gibco). For MCF-7 cells, 0.1% insulin (11882, Sigma-Aldrich) was added.
301 Cells were then incubated in a 5% CO> environment at 37 °C and passaged every 3-5 days.

302 Viability and metabolic activity characterization

303 Live and dead cells were stained with 1.6 mM calcein AM (C125400; TRC) and 4 mM
304  ethidium homodimer-1 (EthD-1 L3224; ThermoFisher), respectively. To measure metabolic
305  activity, Presto blue (ThermoFisher) was used. Briefly, after 1 and 7 days of incubation, cell culture
306 medium was replaced with 10% Presto blue reagent in DMEM and the plate incubated for at least
307 4 hat 37 °C. Next, 100 uL of the supernatant was transferred to a black 96 well plate (655892,
308  Greiner Bio-one) and fluorescence emission was measured at 590 nm (Cytation5, BioTek). ATP
309  concentration was measured using CellTiter-Glo (Promega) according to the manufacturer’s
310  instruction. Briefly, a 1:1 volume of reagent and culture medium was added to each sample of a
311 black 96 well plate (655892, Greiner Bio-one), shaken for 10 min at room temperature, and allowed
312 to equilibrate for another 20 min before measuring bioluminescence signal (Cytation5, BioTek).

313  Lentiviral particle production, transduction and generation of FUCCI2 breast cancer cell
314  lines

315 As previously reported(37), FUCCI2 vectors mCherry hCdt1(30/120)/pCSII EF MCS
316 (DDBJ/EMBL/GenBank, AB512478) and mVenus hGeminin(1/100)/pCSII EF MCS
317 (DDBJ/EMBL/GenBank, AB512479) were purchased from the Riken Brain Science Institute
318  (Japan) and used to generate lentivirus particles by co-transfecting HEK 293TN cells (System
319  Biosciences) with packaging (psPAX2, Addgene plasmid, #12260) and envelope (pMD2.G
320  (Addgene plasmid, #12259) plasmids. The supernatant was collected by centrifuging (Beckman
321 L7-55 with SW32Ti rotor) at 22,000 rpm for 3h at 4 °C. MDA-MB-231 and MCF-7 breast cancer
322 cell lines were first transfected with mVenus hGeminin (1/110) (multiplicity of infection (MOI) of
323 six and five, respectively) followed by mCherry hCdt1 (30/120) at an MOI of three. Verification of
324  successful transduction and subsequent sorting of stably expressing mVenus and mCherry cell lines
325  were perform using flow cytometry (FACSAriaTM II, Becton Dickinson).

326  Inhibition, RNA interference and drug response experiments

327 For inhibition experiments, the following small molecule and inhibitors were used:
328  MEK/ERK inhibitor PD98059 (10 mM, Focus Biomolecules), JNKinhibitor SP600125 (10 mM,
329  Focus Biomolecules) and PI3K/Akt inhibitor LY294002 (10 mM, Focus Biomolecules). The
330  inhibitors were mixed with culture medium and refreshed every 2-3 days. To knock down FHL2,
331  MDA-MB-231 cells were transfected with two different FHL2-targeting small interfering RNAs
332 (Silencer siRNA, Invitrogen) or non-targeting siRNA (Stealth RNAi negative control, Invitrogen)
333  using Lipofectamine RNAIMAX Reagent (Invitrogen), diluted in Opti-MEM reduced serum
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334  medium (Gibco) for a final concentration of 10-20 nM. Cells were transfected 2-3 days before
335  encapsulation following manufacturer’s instructions. To assess MDA-MB-231 response to
336  chemotherapy, Paclitaxel (Tokyo Chemical Industry) was diluted at 0.01, 0.1 and 0.5 mM and
337  added to the culture medium after 3-5 days post-encapsulation for a drug treatment of 2 days. The
338 highest concentration tested contained around 1% (v/v) of DMSO, which was used as vehicle
339  medium and didn’t show any negative effect on cell viability.

340  Immunofluorescence staining

341 Gels with encapsulated cells were washed (3x) with PBS and fixed with 4%
342 paraformaldehyde (PFA, Boster, #AR1068) for 30 min at room temperature, (3x) washed with 3%
343 w/v bovine serum albumin (BSA, Sigma Aldrich), permeabilized with 0.1 % w/v Triton X 100
344 (Sigma-Aldrich, #T8787) for 15 min with a final washing (3x) step with 3% BSA. Whole-mount
345  primary antibody staining was performed at 4 °C overnight, diluted in a 3% BSA+0.1% Triton X
346 100 buffer solution under mild shaking. The gels were then washed (3x) with 3% BSA and
347  incubated with secondary antibody at 4 °C overnight with the same dilution buffer under mild
348 shaking. The samples were finally imaged after a last washing step with PBS (3x). The primary
349  antibodies and respective concentrations used in this study are the following: anti-Ki67 (2 pg/mL,
350  ab15580, abcam), anti-p21¢PV/Wafl (0.48 ug/mL, 2947S, Cell Signaling), anti-FHL2 (0.5 pg/mL,
351  HPAO006028, Sigma/Prestige Antibodies). The secondary antibodies are: Alexa Fluor 405 (10
352 pg/mL, ab175651, abcam) and Alexa Fluor 647 (4 pg/mL, A21244, Invitrogen). To stain for
353 nucleus and cytoskeleton, DAPI (1:1000, Roche) and Alexa Fluor 488 Phalloidin (1:50, Invitrogen)
354  were used.

355 Immunoblot

356 Cells were first lysed with RIPA buffer (Abcam) for 5 min on ice and then collected in
357  Eppendorf tubes. Protein concentration was calculated following Bradford assay (Bradford reagent,
358  Sigma-Aldrich). A 1:50 mixture of B-mercaptoethanol (Acros Organics) and 2x Tricine sample
359  buffer (Bio-Rad) was added at a 1:1 volume to the cell lysates. The mixture was then heated to
360 95 °C for 5 min and loaded into pre-cast polyacrylamide gels (Mini-PROTEAN TGX, Bio-Rad)
361  for electrophoresis in TGS buffer (Bio-Rad) at 100 V for 30 min, then 200 V for 30 min (Mini-
362 PROTEAN Tetra System, Bio-Rad). Proteins in the gels were then blotted onto to a PVDF
363  membrane (BioTrace, PALL) at 150 V for 90 min in ice-cold transfer buffer (1:5 volume of 100%
364  Methanol in TGS buffer). Next, the membrane was transferred to TBST buffer (150 mM NacL, 20
365 mM Tris-base, 0.1% Tween20), blocked in 5% BSA in TBST buffer for 1 h under gentle shaking,
366  washed in TBST (3x) and incubated with primary antibodies diluted in 1% BSA in TBST overnight
367 at 4 °C. After washing with TBST (3x), the membrane was incubated with an HRP-linked
368  secondary antibody for 1 h at room temperature, after which the chemoluminescence substrate
369  (SuperSignal West Pico PLUS, Thermo Scientific) was added before visualizing it with a blot
370  imager (G:BOX Chemi XX6/XX9, Syngene). GAPDH (1:1000, 2118, Cell Signaling) was used as
371  housekeeping gene and HRP-linked (1:1000, 7074, Cell Signaling) as secondary antibody.

372 Cell retrieval from 3D gels

373 For RNA sequencing, MDA-MB-231 cells were retrieved from 3D alginate stiff, soft and
374 3D Matrigel. Briefly, alginate hydrogels were incubated with alginate lyase (2mg/mL, Sigma
375 Aldrich, A1603) in HBSS (ThermoFisher, 14185045) for 30 min at 37 °C with three mixture steps
376  every 10 min. For Matrigel, pre-cooled (4°C) HBSS was added and mixed for 5-10 min at room
377  temperature, followed by incubation with Trypsin/EDTA (0.05%/0.02%, PAN Biotech, P10-
378 023100) for 5 min at 37 °C. Cells were then washed twice with HBSS for 5 min. Next, retrieved
379  cells were stained using a LIVE/DEAD fixable cell staining method (ThermoFisher, 1.34969)
380  following manufacturer’s instructions, and viable cells were sorted via FACSAria II flow cytometer
381  (Becton Dickinson). Approximately 1500 sorted cells per sample were then lysed using pre-cooled
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382 (4 °C) RLN buffer (0.05 M Tri-HCI pH 8.0, 0.14 M NacCl, 0.0015 M MgCla, 0.5 % v/v Nonidet P-
383  40/IGEPAL (Sigma Aldrich, 56741) and 1000 U/mL RNase inhibitor (Promega, N2615), 0.001 M
384  DTT) on ice for 5 min. The lysates were then centrifuged with a pre-cooled centrifuge for 2 min at
385 300 x g, the supernatants transferred to -80 °C and stored until further processing.

386  RNA sequencing and analysis

387 Samples were resuspended in 5 pul 1X NEBNext Cell Lysis Buffer of the NEBNext Single
388  Cell/Low Input RNA Library Prep Kit (NEB, E6420). After 5 min incubation at RT, 2.5X RNA XP
389 Clean Up Beads (Beckman Coulter, A63987) were added to the sample by pipetting up and down.
390  Then, samples were incubated for 5 min at RT, the beads were pelleted on a magnet, the supernatant
391  was removed, the samples were washed twice with 80% ethanol while remaining on the magnet,
392 and finally the beads were resuspended in 8 ul nuclease-free water. The reverse transcription was
393  conducted according to the manual of the NEBNext Single Cell/Low Input RNA Library Prep Kit
394  in the presence of the beads. Next, the beads were pelleted on the magnet and the supernatant was
395  used for the following PCR amplification as described in the manual. Twenty-one PCR cycles were
396  applied, because the RNA concentration was below the detection limit of the Qubit RNA HS Assay
397  Kit (Thermo Fisher, Q23852). The cleanup, quality control, fragmentation, and adapter ligation
398  steps were performed as described in the kit manual. NEBNext Multiplex Oligos for Illumina
399 (Index Primer Set 1) (NEB, 7335S) were used for the final PCR amplification. The fragment length
400  distribution of the final libraries was determined using a 2100 Bioanalyzer Instrument (Agilent)
401  with a High Sensitivity DNA kit (Agilent, 5067-4626). The libraries were quantified by qPCR with
402  the KAPA Library Quantification Kit (Roche, KK4854). The nine samples were divided into two
403 pools (one pool of four samples, the other of five samples) with equimolar amount. The pools were
404  sequenced on an Illumina MiSeq with 2 x 150 bp.

405 After demultiplexing, raw FASTQ data were given to an in-house mRNA analysis pipeline
406  0.9.5.5. BBDuk 38.76(38) was used to trim the raw sequence data from soft, 3D matrigel and 3D
407  alginate stiff, deleting any residual adapter sequences and low-quality bases at the ends of each
408 read. BioBloom Tools 2.0.13(39) was used to decontaminate reads from the genomes Mus
409  musculus (mm38), Escherichia coli (BL21), Mycoplasma pneumoniae (M129), Sphingobium sp.
410  (SYK-6), Bradyrhizobium japonicum (USDA 110), Pichia pastoris (GS115), Malessia globosa
411 (CBS 7966), Aspergillus fumigatus (Af293), and a set of viral genomes (RefSeq, Sk+ genomes).
412 All reads that did not map exclusively to the transcriptome of hg38 (GENCODE version 27,
413 GRCh38.p10) were labeled as potentially contaminated and were removed from further processing.
414 FastQC 0.11.9(40) was used to evaluate sequence quality per sample before as well as after
415  trimming and decontamination. In addition, all samples were examined as a collective with
416  MultiQC 1.8(41). Following that, the cleaned sample reads were aligned to the hg38 reference
417  genome using STAR 2.5.1b(42). Using featureCounts from Subread 2.0.0, uniquely mapping reads
418  were counted per gene and sample(43). Further quality criteria were evaluated, including library
419  complexity (using Preseq 2.0.3(44)) and the genomic origin of the reads and the 5'-3'-bias (both
420  using QualiMap 2.2.2d(45)). The final counts table of 9 samples were utilized for differential
421  expression analysis.

422 All the subsequent steps after the count tables were performed in R programming language
423 4.0.2 (2020-06-22)(46). Matrix table containing gene counts were visualized using Principle
424  Component Analysis (PCA) and t-distributed stochastic neighbor embedding (t-SNE) clustering
425  techniques. For PCA, raw counts were scaled and prcomp function from stats package was
426  employed. tSNE plots were constructed using Rtsne 0.15(47). Subsequent steps including Quality
427  Control (QC) analysis, filtering, normalization, feature selection, scaling, regression of unwanted
428  variables were performed using Seurat package 4.0.2(48). Default parameters were taken for all
429  used functions unless otherwise mentioned. Normalization was done using ‘log.normalize’ method
430  with a scale factor of 1x10¢ to obtain logCPM count values and 2,000 most variable genes were
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431  used for feature selection. Only mitochondrial genes were regressed out during scaling, cell cycle
432 associated genes did not have an effect on the cell-to-cell clustering. “DESeq2” method was applied
433 to do differential expression analysis between the three groups, soft, stiff and matrigel and in
434 addition testing of genes was limited to a logFoldChange (logFC) cutoff of 1. Further, the
435  differentially expressed genes were manually filtered for an adjusted p-value of 0.05. Finally,
436  volcano plots were constructed using EnhancedVolcano 1.8.0(49). In addition to applying single
437  cell method, Seurat, we also applied pure bulk RNA seq method, DESeq2(50), to perform the data
438 analysis of the single cell pool samples. Results from both methods were highly similar including
439  the list of differentially expressed genes, their respective fold changes and adjusted p-value. We
440  chose to report results from Seurat due to the zero-inflated count distribution of our data which is
441  typical of single cells than bulk RNA data (Supp.Fig.4).

442 Gene Set Enrichment Analysis (GSEA) of significantly Differentially Expressed Genes
443 (DEGs) (adjusted p-value < 0.05 and [logFC[> 1) into functional categories were performed using
444  Bioconductor packages 1.30.15. GOseq 1.42.0(57) and clusterProfiler 3.18.1(52) were used,
445  respectively, to conduct Gene Ontology (GO)(53) and Kyoto Encyclopedia of Genes and Genomes
446  (KEGG)(54) enrichment analyses. All the enrichment plots including GSEA, dot plot and heatmap
447  were made using built-in functions in Seurat package or ggplot2 3.3.3(55). Network maps were
448  processed based on the selected enriched GO categories using Cytoscape 3.8.2 and enrichment Map
449  plugin(56).

450  Animal experiment

451 12-week-old female BALB/c nude mice (CAnN.Cg-Foxnlnu/Crl, Charles River, Sulzfeld,
452 Germany) were acclimatized in the animal facility of the Charité-Universititsmedizin Berlin and
453 housed with ad libitum access to food and water. Mice injected into the left ventricle of the heart
454  with MDA-MB-231-1833 BoM cells (5x10° cells in 100 uL ice cold PBS), using a 27G needle,
455  under ultrasound guidance (Vevo2100, FUJIFILM VisualSonics Inc., Canada). The animals
456  received Carprosol (CP-Pharma Handelsgesellschaft mbH, Burgdorf, Germany) and Bupresol (CP-
457  Pharma Handelsgesellschaft mbH, Burgdorf, Germany) as analgesic drugs during and after the
458  injection. The animals were anesthetized using isoflurane (CP-Pharma Handelsgesellschaft mbH,
459  Burgdorf, Germany) and the eyes were protected from drying with Pan-Ophtal gel (Dr. Winzer
460  Pharma GmbH, Berlin, Germany). The mouse was sacrificed after 2 weeks by cervical dislocation.
461  The hind limbs were harvested and fixed with 4% paraformaldehyde (PFA) in phosphate-buffered
462 saline (PBS) for 12 h at 4 °C and stored in PBS until further processing. All animal experiments
463  were carried out according to the policies and procedures approved by local legal research animal
464  welfare representatives (LAGeSo Berlin, G0224/18).

465 For each mouse, bones of one limb were cold embedded at 4°C in poly(methyl
466  methacrylate) (PMMA) (Technovit 9100, Kulzer, Germany), following the manufacturer’s
467  instructions. Briefly, samples were dehydrated in an ascending ethanol series, followed by a xylene
468  washing step, infiltration and embedding in PMMA. The staining was performed on 6 pm thick
469  longitudinal sections using a standard protocol of Haematoxylin and Eosin staining (H & E Rapid
470  kit, Clin-Tech, Surrey, UK). Samples were washed in tap water, followed by staining in Carazzi’s
471 double-strength Haematoxylin. After another wash in tap water, the slides were stained in Eosin,
472 rinsed in tap water, dehydrated and mounted. The stained sections were imaged with a Keyence
473 Digital Microscope (VKX-5550E, Keyence, Germany). For immunostaining of the slides, after
474  deplastification and rehydration, antigen retrieval was performed (sodium citrate pH 6.0/ 0.05%
475  Tween20) at 105°C for 15 min, followed by 10 min quenching of endogenous peroxidase activity
476  with 3% hydrogen peroxide (Sigma-Aldrich), and a final blocking was performed with Background
477  Sniper (Biocare Medical, Concord, CA, USA) for 10 min. Primary (FHL2 2 pg/mL and Ki67 2
478  pg/mL) and secondary antibodies (same as for in vitro immunofluorescence staining) were diluted
479  in Dako antibody diluent (Dako, Germany). Washing steps were done in Dako washing buffer.
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480  Slides were then mounted with Vectashield antifade mounting medium (Biozol, Germany)
481  following manufacturer’s instructions.

482 Bones of the other limb of the mouse were freeze embedded following the method of the
483  SECTION-LAB Co. Ltd. (Hiroshima, Japan). The samples were dehydrated in an ascending
484  sucrose solution (10%, 20% and 30% in distilled water) for 24 h each at 4°C. Following this, a
485  metal mold was placed in cooled isopropanol and filled with embedding medium (SCEM,;
486  SECTION-LAB Co. Ltd.), placing the bone in the middle. Cryosections with a thickness of 20 pm
487  were cut following the Kawamoto method(57) using a cryostat (Leica CM3060S). The section was
488  collected using a Kawamoto film (cryofilm type II C(9)) and later attached to a microscopic slide
489  and stored at -20°C until further use. For immunostaining the slides were blocked with blocking
490  buffer (1%BSA/0.1%Tween20 in PBS). Primary and secondary antibodies were diluted in blocking
491  buffer and incubated for at least 4 and 1h at room temperature, respectively. Washing steps (2x for
492 15min) were conducted in washing buffer (0.1%Tween20 in PBS) and distilled water. Slides were
493 then mounted with Dako fluorescence mounting media (S302380-2, Agilent Technologies).

494  Immunofluorescence staining of human early DCCs in lymph node samples of an MO0 breast
495  cancer patient

496 After informed consent (ethics vote number 18-948-101), the sentinel lymph node of an
497  MO-stage breast cancer patient (i.e. with no evidence of distant metastasis) was first divided into
498  two halves and one half examined by histopathology. The other half was disaggregated
499  mechanically (DAKO Medimachine, DAKO) to generate a single-cell suspension. Then,
500 mononuclear cells were isolated using a density gradient centrifugation (60% Percoll solution,
501  Amersham) and plated onto adhesive slides. After sedimentation of the cells, the supernatant was
502  discarded and slides were air-dried and stored at -20°C. For immunofluorescence staining of FHL2
503  and Cytokeratin 8/18/19, the slides were first thawed at RT and moistened with PBS. Cells were
504  fixed with 2% PFA (Sigma, P6148) for 10 min, washed twice with PBS and permeablized with
505 0.05% TritonX100 for 5 min. After two additional washing steps with PBS, cells were blocked with
506  PBS/10% AB serum (#805135, Bio-Rad) for 1.5 hours at RT. Primary antibody incubation with
507  monoclonal mouse anti-human Cytokeratin 8/18/19 (2 pg/mL, clone A45-B/B3, AS Diagnostik)
508  and polyclonal rabbit anti-human FHL2 (2 png/mL, HPA006028, Sigma/Prestige Antibodies) was
509  performed at 4 °C overnight in PBS/10% AB serum. Following washing with PBS (4x 20 min), the
510  slides were incubated with secondary antibodies, anti-mouse AlexaFluor 488 (5 pg/mL, A11029,
511 Invitrogen) and anti-rabbit AlexaFluor Plus 647 (5 pg/mL, A32733, Invitrogen) and DAPI
512 (1pg/mL, MBDO0015, Sigma) in PBS/5% AB serum/2.5% goat serum for 1.5 hours. After washing
513  off the secondary antibodies (PBS 3x 10 min) the slides were mounted with SlowFade™ Glass
514  Soft-set Antifade Mountant (S36917, Invitrogen) and imaged on Zeiss LSM980. Images were
515  processed with ImageJ (v.1.53q) to show the max-z-projections.

516  Image acquisition and analysis

517 Live-cell imaging was conducted in a stage top incubator (Okolab, UNO-T-H-CO3)
518  mounted on an inverted epifluorescence microscope (Zeiss, AxioObserver 7) and a 10x, 0.3 NA
519  objective at 37 °C and 5% CO,. Images were recorded every 6 h for 4-5 days. For FUCCI2 image
520  analysis, live-cell imaging of cells on 2D TCP or 3D hydrogels was performed and mCherry and
521  mVenus fluorescence signals were recorded every 6 h. Briefly, after choosing a focus plane at the
522 beginning of the experiment for each field of view, a z-stack of this region/20 um was acquired
523 around this position, and phase contrast as well as fluorescence images were recorded.

524 At the end of the experiment, in situ viability staining with calcein was performed and the
525  same z-stack/middle-focus plain as the final timelapse acquisition step was acquired. This allowed
526  longitudinal correlation of viability at the end of the experiment with cell cycle progression over
527  the course of the experiment. The number of cdtl- cells at the final timepoint was counted as the
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528  difference between FUCCI2+ cells (cells that either express mCherry or mVenus) at the initial and
529  the last timepoint, with additional reference to phase contrast images. Next, viable (calcein+t) single
530  cells were counted and the dynamics of their FUCCI2 fluorescence signal extracted using a semi-
531  automated custom-made MATLAB script. To do this, viable cells were picked and tracked over
532 and mean nuclear FUCCI2 intensity was extracted.

533 To quantify viability, projected images were thresholded for each channel corresponding to
534  viable (calcein +) or dead (EthD-1) cells using a counting custom-made MATLAB script. To
535  quantify immunofluorescence, images were first thresholded for nucleus (DAPI) and cytoskeleton
536 (F-Actin) to localize single cells, after which the immunofluorescence signal intensity within the
537  defined boundaries was extracted for each cell. The background signal of negatively-stained
538  samples was used to define the threshold for positive cells. The described process was performed
539  using an automated custom-made MATLAB script.

540 To quantify p21 and FHL?2 localization, a Leica SP8 confocal microscope with 63x, 1.4 NA
541  oil-immersion objective was used. Briefly, images were thresholded for nucleus (DAPI) and
542 cytoskeleton (F-Actin) to define the respective intracellular regions, after which p21 or FHL2
543 average intensity within each region was recorded. The described process was performed using an
544  automated custom-made MATLAB script.

545 Images of human tissue samples from patients with primary breast cancer were obtained
546  from the Human Protein Atlas (www.proteinatlas.org)(58). Samples with strong FHL2 intensity
547  were selected, of which the localization was already designated as being either nuclear or
548  cytoplasmic.

549  Statistical analysis

550 For statistical comparison between two groups, two-tailed student’s t-test or Mann-Whitney
551  U-test were performed for normally-distributed or non-parametric groups, respectively (*: p<0.05,
552 **:p<0.01, ***: p<0.001, ****: p<0.0001). One-way Anova with Tukey’s correction or Kruskal-
553 Wallis test with Dunn’s correction were conducted for multiple-group comparison. Error bars
554  indicate mean and standard deviation used for fraction graphs. Datasets shown as box plots with
555 median, for 25" to 75" percentiles and whiskers for minimum and maximum used for ratio graphs.
556  Violin plots show dashed lines for median and dotted lines for the two quartile lines, used for
557  fluorescence intensity graphs. GraphPad Prism 8 software was used to plot the data and for
558  statistical analysis.

559

560

561
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774 Fig. 1 3D mechanical confinement via covalently-crosslinked alginate yields distinct
775 fractions and populations of growth-arrested cells based on hydrogel composition. a)
776 Bis-cysteine enzymatically (MMP) degradable peptide or non-degradable dithiothreitol
777 (DTT) (red) crosslink with norbornene-modified alginate (blue) in the presence or absence
778 of cysteine-coupled RGD molecules (green). b) Frequency sweep of norbornene-modified
779 alginate (no RGD) with different concentrations of DTT crosslinker yields a range of
780 stiffness (Elastic/Young’s moduli) (n=3). ¢) Diagram of FUCCI2 cell cycle reporter activity
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(Go/G1=mCherry-hCdtl and S/G2/M=mVenus-hGeminin). The cartoon was adapted from
Sakaue-Sawano et al.'’>, Copyright (2008), with permission from Elsevier. d) Time lapse
imaging (5 days) of MDA-FUCCI2 cells within a range of proliferation-permissive and
quiescence-inducing hydrogels with distinct stiffness, adhesion and degradation properties
(right-hand side table). Representative time lapse fluorescence maximum projections at day
0 and day 5, scale bar equals 200 pm. Scale bar equals 10 pm for 3D Matrigel spheroid
image. Percentage bar plots show fraction of cell cycle distribution at day 5 for different
experimental groups. Error bars indicate mean and standard deviation (n>3 gels for 82 to
453 cells).
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813 Fig. 2 Dynamics of cell cycle and viability correlation reveal that Go/G: cells are
814 substantially more resistant to 3D mechanical confinement than cells in the S/G/M
815 phase. a) Representative time lapse images of single MDA-FUCCI2 cells in 3D alginate
816 stiff hydrogels with respective single cell longitudinal tracking of mCherry-hCdtl and
817 mVenus-hGeminin fluorescence intensity (f.i.). Center trace and shaded area indicate mean
818 and standard deviation (n>15 cells). Scale bar equals 10 um. b) Comparison of linear

Page 19 of 27


https://doi.org/10.1101/2023.01.25.525382

819
820
821
822
823
824
825
826
827
828
829

830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.25.525382; this version posted January 25, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

regression slopes from f.i. tracking graph. Kruskal-Wallis test with Dunn’s correction
*Hx%p<0.0001. ¢) Experimental workflow for longitudinal correlation of FUCCI2 initial
cell cycle state within 3D alginate stiff hydrogels and viability after 5 days of encapsulation.
Cells were stained in situ for viability after 5 days time lapse and the selected cells (calceint)
were tracked back to their initial cell cycle state (time of encapsulation). Scale bar equals
200 pum. d) Percentage bar plots show fraction of viable cells with respect to their initial cell
cycle state for MDA-FUCCI2 and MCF7-FUCCI2 cells (n>241 cells pooled from 3
independent experiments). Diagram of cell cycle progression under 3D mechanical
confinement, revealing growth arrest and higher resilience for cells in Go/G: and death for
cells in S/G2/M. The cartoon was adapted from Sakaue-Sawano et al.!®>, Copyright (2008),
with permission from Elsevier.
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Fig. 3 Gene expression analysis of cells in 3D alginate stiff compared to 3D Matrigel.
a) Principal-component analysis (PCA) based on all expressed genes between 3D alginate
stiff and 3D Matrigel groups acquired from RNA sequencing (n=3 for each condition).
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853 b) Heat map of selected differentially expressed genes involved in inflammatory response,
854 regulation of cell cycle and cellular response to DNA damage stimulus. ¢) Network map of
855 selected biological processes most enriched in 3D alginate compared to 3D Matrigel. Node
856 size, node color and edge width represent number of genes, p-value from enrichment
857 analysis and overlap of number of genes between two gene sets, respectively. d) Selected
858 top differentially regulated pathways from Gene-set-enrichment analysis (GSEA) on
859 differentially expressed genes between cells grown in 3D alginate stiff and 3D Matrigel
860 according to KEGG and WIKIPATHWAY databases. e) Volcano plot of differentially
861 expressed genes between 3D alginate stiff and 3D Matrigel. Grey triangles mark genes of
862 interest associated with inflammation and DNA-damage pathways (grey dots=not
863 significant, green dots= significant absolute log(base2) fold change of > 1, blue dots=
864 significant p-value of < 0.05, red=significant absolute log(base2) fold change of > 1 and p-
865 value <0.05 from a total of 9426 entries). Relative mRNA levels of p53 and cdknla (p21)
866 (n=3 for each condition). Student’s #-test **p<0.01. Error bars indicate mean and standard
867 deviation.
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p21 localization in 3D matrices is stiffness-dependent
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FHL2 localization in 3D matrices is stiffness-dependent
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874
875 Fig. 4 p21 and FHL2 localization in 3D matrices is stiffness-dependent and FHL2
876 mediates p21 localization and Ki67 expression. a) Selected top differentially regulated
877 pathways from GSEA based on differentially expressed genes between cells grown in soft
878 vs. stiff alginate hydrogels. b) Heat map of differentially expressed genes (soft vs. stiff)
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879 from DNA damage and repair pathways. ¢) Representative confocal images of p2l
880 localization and quantification of its nuclear-to-cytoplasmic ratio (n=3 gels for 10 to 42
881 cells) for MDA231 cells within 3D stiff and soft alginate hydrogels after 7 days of
882 encapsulation (blue=DAPI, green=F-Actin, red=p21). Scale bar equals 10 pm, Mann-
883 Whitney U-test ****p<0.0001. Fraction of Ki67-positive cells (n=3 gels for 28 to 628 cells),
884 student’s #-test *p<0.05. d) Quantification of p21 localization in 3D alginate stiff hydrogels
885 after 7 days in the presence or absence of indicated inhibitors (n>19 cells). Student’s #-test
886 with respect to control group (3D alginate stiff) ***p<0.001 and ****p<0.0001.
887 e) Representative confocal images of FHL2 localization and quantification of its nuclear-
888 to-cytoplasmic ratio (n=3 gels for 36 to 46 cells) for MDA231 cells within 3D stiff and soft
889 alginate hydrogels after 7 days of encapsulation (blue=DAPI, green=F-Actin, red=FHL2).
890 Scale bar equals 10 pum, Mann-Whitney U-test ****p<0.0001. FHL2 fluorescence intensity
891 (fi.) per cell (n=3 gels for 59 to 151 cells) Mann-Whitney U-test ****p<(.0001. f)
892 Quantification of FHL2 localization in 3D alginate stiff hydrogels after 7 days in the
893 presence or absence of indicated inhibitors (n>18 cells). Student’s #-test with respect to
894 control group (3D alginate stiff) ***p<0.001 and ****p<0.0001. g) Immunoblot showing
895 FHL2 levels in MDA231 cells treated with two different anti-FHL2 siRNA oligos compared
896 to untreated (control 1) or scramble (control 2) groups. GAPDH, glyceraldehyde-3-
897 phosphate de-hydrogenase. h) Representative confocal images of p21 localization and
898 quantification of its nuclear-to-cytoplasmic ratio (n=3 gels for 30 cells) for MDA231 normal
899 and siRNA-FHL?2 silenced cells within 3D stiff alginate hydrogels (blue=DAPI, green=F-
900 Actin, red=p21). Scale bar equals 10 pm, Mann-Whitney U-test ****p<0.0001. Ki67 f.i.
901 per cell (n= 74 to 260 cells), Mann-Whitney U-test ****p<(0.0001. Datasets shown as box
902 plots with median for 25" to 75" percentiles and whiskers for minimum and maximum.
903 Violin plots show dashed lines for median and dotted lines for the two quartile lines. Error
904 bars indicate mean and standard deviation.

905

906

907

Page 24 of 27


https://doi.org/10.1101/2023.01.25.525382

908
909

910
911
912
913
914
915
916
917
918

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.25.525382; this version posted January 25, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

FHL2 knockdown sensitizes cells to chemotherapy
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Fig. 5 FHL2 knockdown sensitizes cells to chemotherapy. FHL2 expression and
localization in murine tissue of a breast cancer bone metastasis model, in human
primary breast tumor and in early DCCs of an M0 patient. a) FHL2-silenced MDA231
cells were encapsulated for 3 days and exposed to Paclitaxel (0.01 to 0.5 mM) for 2 days,
after which viability and metabolic activity (Presto Blue) measurements of normal and
siRNA-FHL2 silenced cells within 3D alginate stiff were performed. Left y-axis
corresponds to the overall viability and metabolic activity of vehicle (untreated groups).
Right y-axis shows the fraction of reduction of viability and metabolic activity of drug
treated groups with respect to the untreated group. Student’s ¢-test (n=3 hydrogels) *p<0.05,
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919 **p<0.01, ***p<0.001, ****p<0.0001. Error bars indicate mean and standard deviation.
920 b) Intracardiac injection of GFP-tagged MDA-MB-231-1883 BoM cells in mice with
921 representative Hematoxylin and Eosin (H&E) staining of the femur showing an osteolytic
922 lesion (arrowhead). Representative confocal images of Ki67 (proliferation) and FHL2
923 localization of GFP-tagged MDA-MB-231-1883 BoM cells as single cells and clusters.
924 Scale bars equal 1000 um, 25 pm and 20 pm for H&E overview, cluster and single cell
925 images, respectively. ¢) Representative immunohistochemical image of FHL2 localization
926 in a female patient (50 years old) with breast ductal carcinoma. Fraction of FHL2
927 localization in 34 patients with primary breast ductal carcinoma. Data obtained from The
928 Human Protein Atlas®®. Scale bar equals 20 pm. d) Representative confocal images of FHL2
929 localization in spheroids and single MDA231 cells within 3D Matrigel after 7 days of
930 encapsulation and quantification of its nuclear-to-cytoplasmic ratio (n=19 cells)
931 (blue=DAPI, green=F-Actin, red=FHL?2). Scale bar equals 20 um for spheroid image and
932 10 um for single cell image. e, f) Confocal images of cytokeratin (epithelial marker) and
933 FHL2 (in single cells and within clusters) of human breast cancer cells disseminated in the
934 sentinel lymph node of an MO patient. Scale bars equal 50 pm and 5 pm for the wide and
935 zoomed images, respectively.
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Fig. 6 Proposed stiffness-mediated FHL?2 signaling mechanism in 3D bioengineered
matrices inducing cancer cell quiescence and drug resistance. In proliferation-
permissive, ligand-rich microenvironments such as basement membranes, stronger
adhesion sites maintain FHL2 in the membranous regions. In low or non-adherent
microenvironments, the increase in mechanical confinement (stiffness) results in FHL2
translocation to the nucleus, leading to high p21 nuclear expression and cell cycle arrest
(graphical illustration created with BioRender.com).
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