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            Abstract
To implant in the uterus, the mammalian embryo first specifies two cell lineages: the pluripotent inner cell mass that forms the fetus, and the outer trophectoderm layer that forms the placenta1. In many organisms, asymmetrically inherited fate determinants drive lineage specification2, but this is not thought to be the case during early mammalian development. Here we show that intermediate filaments assembled by keratins function as asymmetrically inherited fate determinants in the mammalian embryo. Unlike F-actin or microtubules, keratins are the first major components of the cytoskeleton that display prominent cell-to-cell variability, triggered by heterogeneities in the BAF chromatin-remodelling complex. Live-embryo imaging shows that keratins become asymmetrically inherited by outer daughter cells during cell division, where they stabilize the cortex to promote apical polarization and YAP-dependent expression of CDX2, thereby specifying the first trophectoderm cells of the embryo. Together, our data reveal a mechanism by which cell-to-cell heterogeneities that appear before the segregation of the trophectoderm and the inner cell mass influence lineage fate, via differential keratin regulation, and identify an early function for intermediate filaments in development.
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                    Fig. 1: Keratin filaments display cell-to-cell variability before lineage segregation in the mouse and human embryo.[image: ]


Fig. 2: Keratin filaments are asymmetrically inherited during cell division.[image: ]


Fig. 3: Keratin inheritance specifies the first trophectoderm cells of the embryo.[image: ]


Fig. 4: Keratin expression is regulated by early heterogeneities in the BAF complex.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Keratin filaments in the preimplantation mouse embryo.
a, 3D views of mouse embryos at multiple developmental stages, stained for K18. K18 expression and localization resemble that of K8. Note the initial assembly of filaments in a specific subset of cells in the 8-cell embryo. Data are from five independent experiments. b, Double immunofluorescence for K8 and K18 shows their colocalization in filament structures within the same embryo. Data are from three independent experiments. c, Double immunofluorescence using a pan-keratin antibody and K18 shows colocalization in filament structures within the same embryo. Data are from three independent experiments. d, High-magnification views highlight keratin filament organization at multiple developmental stages (top). Surface render of computationally-segmented cells and keratin filaments with top and side views show the changes in cell morphology and keratin filament organization at different developmental stages. The density of the keratin filament network increases over time and the filaments become enriched at cell-cell junctions. Data are from five independent experiments. e, Live imaging of embryos expressing K18-Emerald. A subset of cells begins to assemble keratin filaments at the eight-cell stage, similar to observations from immunofluorescence for endogenous keratins. No keratin filaments are detected in four-cell or early uncompacted eight-cell embryos. Data are from three independent experiments. f, g, Colocalization of K18-Emerald and immunofluorescence against K8 (f) or K18 (g). Bottom panels show zoomed views of single cells expressing keratin filaments, with arrows pointing to an example of signal colocalization. Data are from three independent experiments. Scale bars, 10 μm.


Extended Data Fig. 2 Tracking and quantitative analysis of keratin filament movement during interphase and mitosis.
a, Time series of an embryo expressing K18-Emerald and RFP-Utrophin, with the corresponding major cellular events labelled in the left column. Separate K18-Emerald and RFP-Utrophin channels are shown. Right panels show 2D views through a single cell that assembles keratin filaments, for better visualization of keratin distribution within the cell, relative to the apical domain. Keratin filament assembly is initiated before the formation of the apical domain. When the apical domain forms, keratin filaments become enriched apically in close association with F-actin. During mitosis, the apical domain disassembles but keratin filaments remain apically localized, resulting in their asymmetric inheritance by the outer daughter cell. Data are from three independent experiments. b, Immunofluorescence of endogenous keratins in embryos fixed at different stages of apical domain formation recapitulates the pattern and localization of keratin filaments relative to the apical domain observed in live imaging experiments. Data are from three independent experiments. c, Computationally-rendered filaments obtained from live imaging data. In this example, five individual filaments were tracked over time with a 10-min interval between frames. Data are from three independent experiments. d, The log mean square displacement (MSD) versus log lag time graph indicates that the movement of keratin filaments is unconfined and diffusive (slope > 1). Pearson’s correlation. e, Volume of an individual keratin filament and total filament volume within a single tracked cell increase linearly over time. Pearson’s correlation. f, Quantification of filament speed, volume of filaments, and polarization index before apical domain formation, after apical domain formation, and during mitosis. After the formation of the apical domain, keratin filaments move more slowly, display a larger total volume, and become more apically polarized than before apical domain formation. During mitosis, keratin filaments move faster, but retain a large volume and high apical polarization. ***P = 0.0002; **P = 0.001; Kruskal–Wallis test for filament speed; **P = 0.003; ANOVA test for filament volume; **P = 0.003; Kruskal–Wallis test for polarization index. Scheme shows the parameters used for calculation of the polarization index. d1 is the distance between the volume-weighted centre of mass of the keratin filaments and the centre of mass of the cell. d2 is the length of the apical-basal axis of the cell. g, High-resolution immunofluorescence images show that keratin filaments align specifically along actin filaments extending from the apical domain. Green arrows indicate examples of keratin–actin colocalization. Data are from three independent experiments. h, Differences in F-actin accumulation at the apical domain of control embryos and embryos treated with cytochalasin D or a high concentration of SiR-Actin. Insets show zoomed views of individual 8-cell blastomeres, highlighting the loss of the apical domain in cytochalasin D-treated embryos, and a dense accumulation of apical F-actin in SiR-Actin-treated embryos. Data are from three independent experiments. Scale bars, 10 μm.


Extended Data Fig. 3 Apical keratin localization requires desmosome protein components.
a–c, Immunofluorescence of endogenous plakoglobin (a), plakophilin (b), and desmoglein2 (c) before and after apical domain formation. Apical accumulation of all three desmosome components is observed after apical domain formation. d, Live imaging of an embryo expressing desmoglein2-Emerald, RFP-utrophin and H2B-RFP recapitulates the endogenous desmoglein2 expression, both before and after apical domain formation. e, Time series of embryo expressing desmoglein2-Emerald, RFP-utrophin and H2B-RFP. Desmoglein2-Emerald accumulates with the apical domain (labelled by RFP-utrophin) during interphase. When the cell enters mitosis, desmoglein2-Emerald disassembles from the apical surface together with the apical domain. White arrows indicate two different mitotic events within the same embryo. f, Live embryo expressing desmoglein2-Ruby and K18-Emerald shows the enrichment of keratin filaments at the site of apical desmosome accumulation. g, Embryos injected with siRNAs against desmosome components do not accumulate desmoglein2 apically with the apical domain. h, Desmosome knockdown causes a more homogenous distribution of keratin filaments, as measured by a polarization index. **P = 0.01; unpaired, two-tailed Mann–Whitney U-test. Data are from three independent experiments. Scale bars, 10 μm.
Source data


Extended Data Fig. 4 Keratin filaments are stably retained during mitosis, and become asymmetrically inherited by outer daughter cells.
a, Immunofluorescence shows the extensive remodelling of cortical F-actin and microtubules during different stages of mitosis. Data are from six independent experiments. b, Immunofluorescence for K8 shows endogenous keratin filaments retained within mitotic cells in embryos fixed at multiple stages of development. Data are from six independent experiments. c, FRAP experiments for K18-Emerald and mRuby2-Actin performed in whole live embryos. All cells selected for FRAP were at the eight-cell stage and in interphase, when the actin ring is visible. 3D views of entire pre-FRAP embryos (left), zoomed views of the photobleached regions of interest (middle), and kymographs of pre- and post-FRAP fluorescence intensities (right). Data are from three independent experiments. d, Analysis of FRAP experiments. Left graphs show fluorescence recovery of K18-Emerald (green) and mRuby2-Actin (red) over time. Thinner lines represent raw data after normalization, and thicker lines indicate fitted exponential curves. Right graph shows that K18-Emerald has a larger immobile fraction than mRuby2-Actin. ***P < 0.0001; unpaired, two-tailed Student’s t-test. e, Live imaging of embryos expressing K8-Emerald show a similar pattern of expression and inheritance as K18-Emerald. The outer daughter cell inherits most of the keratin filaments during an outer-inner division (top). Computational segmentation of the same cell at each stage of mitosis (bottom). Quantification of proportion of keratin filaments inherited by outer and inner cells in live embryos expressing K8-Emerald shows a comparable asymmetry in keratin inheritance as K18-Emerald. **P = 0.001; unpaired, two-tailed Student’s t-test. f, Time series of a cell expressing K18-Emerald undergoing a symmetric outer-outer division. Keratin filaments are uniformly inherited by both daughter cells during divisions producing two outer cells (top). Computational segmentation of the same cells at each time point (bottom), and whole embryo inset highlighting the outer location of both daughter cells (right). Data are from four independent experiments. Scale bars, 5 μm.
Source data


Extended Data Fig. 5 A dense F-actin meshwork within mitotic cells hinders the movement of keratin filaments away from the apical cortex.
a, Immunofluorescence of embryos fixed specifically when a cell was undergoing mitosis or cytokinesis. Top, keratin filaments remain apically-localized throughout different mitotic stages, and become inherited by the prospective outer cell. Bottom, computational segmentation of the same cells highlighting the apical keratin distribution and asymmetric keratin inheritance. Quantification of proportion of endogenous keratin filaments present in the apical and basal regions of mitotic cells, and between prospective outer and inner daughter cells, showing a comparable asymmetry in endogenous keratin localization and inheritance as K18-Emerald dynamics in live embryos. ***P < 0.0001; unpaired, two-tailed Student’s t-test. b, Embryos microinjected with Pard6b siRNAs do not form an apical F-actin ring in the eight-cell embryo. Data are from three independent experiments. c, Mitotic cell within a fixed human embryo also displays an apical localization of keratins. d, A dense cytoplasmic F-actin meshwork is maintained throughout interphase and all stages of mitosis. Data are from three independent experiments. e, The F-actin meshwork is also present in cells across different stages of development. Representative images of a 3-cell, compacted 8-cell, and 16-cell embryo with all cells displaying a dense cytoplasmic F-actin meshwork. Data are from three independent experiments. f, Analysis of keratin filament movement during mitosis reveals that filament speed is inversely related to filament volume. n = 8 filaments; Pearson’s correlation. g, Acute cytochalasin D treatment for 15 min specifically during mitosis disrupts the F-actin meshwork, reduces the apical localization of keratins, and increases keratin filament speed. Cells treated with MG132 for 3 h retain an F-actin meshwork, but keratin apical localization is reduced and filament speed is unchanged. **P = 0.002 for CytoD; **P = 0.01 for MG132; Kruskal–Wallis test for polarization index; ***P = 0.0005; ANOVA test for filament speed. h, Scheme of a cell division producing an inner (green) and an outer (blue) cell. Keratin filaments localize close to the apical cortex of the forming outer daughter cell. The distance between the apical cortex and cytokinetic furrow, time between disassembly of the apical F-actin domain and cytokinesis, and the mean speed of keratin filament movement are indicated. Scale bars, 5 μm.
Source data


Extended Data Fig. 6 Keratins promote actin stability and apical polarization.
a, FRAP experiments for mRuby2-Actin performed at the apical domain of interphase cells with keratins, cells without keratins, and cells microinjected with desmosome siRNAs. Selected photobleached regions of interest (left) and kymographs of pre- and post-FRAP fluorescence intensities (right) are shown. Data are from three independent experiments. b, Analysis of FRAP experiments. Graphs show the fluorescence recovery of mRuby2-Actin over time for each condition. Thinner red lines indicate raw data after normalization, thicker red lines are fitted exponential curves, and thick black lines represent the mean fitted exponential curves. c, Cells lacking keratins and cells with reduced desmosome expression show a smaller immobile fraction of mRuby2-Actin compared to cells with keratins. **P = 0.0002 for without keratins; **P = 0.003 for desmosome KD; Kruskal–Wallis test. d, Immunofluorescence of 16-cell stage control embryos and embryos treated with cytochalasin D and SiR-Actin. Disruption of actin stability using cytochalasin D reduces accumulation of apical polarity markers PARD6B and PKCζ. By contrast, increasing actin stability using SiR-Actin increases apical polarity levels. *P = 0.03; ***P = 0.0009; ANOVA test for PARD6B; *P = 0.03; **P = 0.003; Kruskal–Wallis test for PKCζ. e, Desmosome knockdown in 16-cell stage embryos reduces levels of apical polarity markers PARD6B and PKCζ. ***P = 0.0002 for PARD6B; ***P = 0.001 for PKCζ; Unpaired, two-tailed Mann–Whitney U-test. f, Live imaging of K18-Emerald in an embryo displaying a cell division. After division, the daughter cell that did not inherit keratins (cyan) undergoes apical constriction to form the pluripotent inner cell mass35, whereas the outer daughter cell that inherited keratins (yellow) does not internalize. Data are from three independent experiments. g, Analysis of internalization events in cells that inherited (K+) or did not inherit (K−) keratin filaments after division. ***P < 0.0001; two-tailed Fisher’s exact test. h, Immunofluorescence of endogenous K8 and AMOT in a 16-cell stage embryo. Right panels indicate zoomed views of the apical region of cells with and without keratins, with separate K8 and AMOT channels for better visualization. Cells with keratins display higher levels of apical AMOT than cells lacking keratins and cells with K8 and K18 knockdown. *P = 0.04; ***P < 0.0001; Kruskal–Wallis test. Scale bars, 10 μm.
Source data


Extended Data Fig. 7 Experimental manipulations of keratin levels show that keratins regulate CDX2 to specify the first trophectoderm cells of the embryo.
a, Immunofluorescence for K8 in embryos microinjected with siRNAs for K8 and K18 at the one-cell stage, or into only one cell at the two-cell stage. This double-knockdown approach extensively eliminates keratin filament assembly. Data are from five independent experiments. b, Knockdown of K8 and K18 in half of the embryo also eliminates filament formation by K19. White arrowheads show knockdown cells. Data are from three independent experiments. c, Keratin overexpression causes a premature and widespread assembly of a keratin network within the 8- to 16-cell stage embryo. Images show examples of embryos microinjected with high levels of K8 and K18 RNA at the 1-cell stage, or into one cell of the 2-cell embryo. Data are from three independent experiments. d, Keratin overexpression causes some filaments to be inherited by inner cells of the 16-cell stage embryo (yellow segmented cell indicated by arrow in left panel). 2D view shows keratin filament organization within outer and inner cells of keratin overexpressing embryos (right). Data are from three independent experiments. e, Inner cells in keratin overexpressing embryos express lower levels of nuclear YAP and CDX2 than outer cells. *P = 0.04; ***P < 0.0001; unpaired, two-tailed Mann–Whitney U-test. f, Knockdown of YAP using siRNAs microinjected into one cell of the two-cell embryo reduces CDX2 levels, in both keratin-positive and keratin-negative cells. H2B-RFP was co-injected with the siRNAs to identify the knockdown cells (white arrowheads). ***P < 0.0001; ANOVA test for CDX2. Right graph shows that our knockdown approach using YAP siRNAs effectively reduced YAP levels. *P = 0.03, unpaired, two-tailed Mann–Whitney U-test for YAP. g, Scheme depicting cloning strategy to generate rescue constructs for K8 and K18. The coding regions of K8 and K18 are indicated by thick yellow arrows, and the targeted sequence locations for the keratin siRNAs used in this study are indicated by the red arrows. The specific siRNA target sequences are highlighted in yellow, corresponding to the keratin wild-type (WT) sequence (top rows). The rescue construct sequences are indicated (bottom rows). Note the conservation of amino acid sequence despite the scrambling of DNA bases throughout the siRNA target sequence. In each experiment, H2B-RFP was co-injected with the siRNAs and/or mRNAs to label the injected half of the embryo, and 100% of H2B-positive cells displayed keratin filaments when injected with the rescue construct. K8/K18-knockdown cells express lower levels of CDX2 than control cells with keratins, but this phenotype is rescued when the keratin rescue constructs are co-injected with keratin siRNAs. ***P < 0.0001; ANOVA test. Scale bars, 10 μm.
Source data


Extended Data Fig. 8 Keratins regulate blastocyst morphogenesis.
a, Punctate desmosome structures labelled using immunofluorescence for desmoplakin (Dsp) colocalize with K8 along the trophectoderm cell–cell junctions of the blastocyst. Data are from three independent experiments. b, Analysis of apical surface curvature in control and K8/K18-knockdown blastocysts. Individual cells within the intact embryo were computationally-segmented in 3D. Single cells (blue) are selected for apical surface analysis. Middle panels show rendering of the apical surfaces (orange) of the selected cells. The right panels show fitting of the cell apical surface to a sphere for calculation of radius of apical surface curvature. Data are from three independent experiments. c, K8/K18-knockdown blastocysts display morphogenetic defects, revealed by smaller blastocyst volume, higher junctional tortuosity, and trophectoderm cells with lower radius of apical surface curvature. **P = 0.004 for blastocyst volume; ***P < 0.0001 for junctional tortuosity; ***P < 0.0001 for surface curvature; unpaired, two-tailed Mann–Whitney U-test. d, 2D confocal planes of live control and K8/K18-knockdown blastocysts, microinjected with fluorescent nanoparticles (yellow). Data are from three independent experiments. e, Images show nanoparticles within single trophectoderm cells, in control and K8/K18-knockdown embryos. Middle panels show representative trajectories of nanoparticle movement. Graph shows their mean squared displacement (MSD) over lag time. Thicker lines represent the mean of individual curves. The graph has two phases revealing different cytoskeletal properties: a time-independent (short lag times) and a time-dependent (long lag times) phase. These phases are associated with elasticity and viscosity, respectively40. Differences in MSD during the time-independent phase reveal higher elasticity, indicative of lower cytoplasmic stiffness, in the K8/K18-knockdown cells. f, Co-injection of keratin rescue constructs with K8/K18 siRNAs can restore blastocyst morphology to control conditions. Unpaired, two-tailed Student’s t-test for blastocyst volume and surface curvature; unpaired, two-tailed Mann–Whitney U-test for junction tortuosity; NS, not significant. Scale bars, 10 μm.
Source data


Extended Data Fig. 9 Heterogeneities in BAF155 and CARM1 within the early embryo trigger differential expression of keratins at the eight-cell stage.
a, Live-imaging of an embryo expressing K8-Emerald, H2B-RFP and RFP-Utrophin confirms that the first cells to assemble keratin filaments are sister cells. The microtubule bridge connecting sister cells can be identified by RFP-Utrophin accumulation (white arrowheads)41. Data are from three independent experiments. b, Scheme shows the stereotypical 3D organization of a tetrahedral four-cell embryo. The vegetal blastomere is located distal from the polar body. c, Selective photoactivation of the vegetal blastomere. The vegetal blastomere is identified based on its distal position from the polar body. The vegetal cell nucleus is then targeted with a two-photon laser (820 nm light) to photoactivate H2B-paGFP. 2D confocal planes show efficient photoactivation immediately after 820 nm light illumination. Data are from three independent experiments. d, The first cells to form keratin filaments are unrelated to the order of cell divisions during the 4- to 8-cell stage transition. χ2 test. e, BAF155 knockdown reduces BAF155 immunofluorescence levels relative to control blastomeres, while BAF155 overexpression increases them. Embryos were microinjected with BAF155 siRNAs or high levels of BAF155 RNA respectively at the one-cell stage. ***P < 0.0001; ANOVA test. f, Embryos treated with trichostatin A (TSA) display extensive keratin filament formation, while embryos treated with actinomycin D (Act D) do not form filaments. *P = 0.0489; ***P < 0.0001; ANOVA test. g, Microinjection of K8 and K18 mRNA into the one-cell embryo causes premature assembly of an extensive keratin filament network throughout early blastomeres before the eight-cell stage. ***P < 0.0001; two-sided Fisher’s exact test. h, BAF155-overexpressing embryos treated with actinomycin D do not form keratin filaments at the eight-cell stage. Data are from three independent experiments. i, Dimethyl-BAF155 is lowest in the vegetal blastomere. **P = 0.004; unpaired, two-tailed Student’s t-test. j, CARM1 overexpression increases CARM1 immunofluorescence levels relative to control blastomeres. Embryos were microinjected with high levels of Carm1 RNA at the 1-cell stage. ***P < 0.0001; unpaired, two-tailed Mann–Whitney U-test. k, CARM1 overexpression reduces keratin filament assembly. ***P = 0.0007; unpaired, two-tailed Student’s t-test. l, Overexpression of BAF155 or mutant BAF155(R1064K) causes premature keratin filament assembly at the four-cell stage. **P = 0.009 for BAF155 overexpression; **P = 0.005 for BAF155(R1064K); two-sided Fisher’s exact test. m, BAF155-knockdown blastomeres (white arrowheads) display lower levels of CDX2 than control cells (orange arrowheads) at the same stage. BAF155 siRNAs were microinjected into only one cell of the two-cell embryo. ***P < 0.0001; ANOVA test. n, CARM1-overexpression blastomeres (white arrowheads) display lower levels of CDX2 than control blastomeres (orange arrowheads) at the same stage. High levels of Carm1 RNA were microinjected into only one cell at the two-cell stage. **P = 0.005 for control inner cells; *P = 0.04 for CARM1 overexpression outer cells; **P = 0.006 for CARM1-overexpression inner cells; ANOVA test. Scale bars, 10 μm.
Source data


Extended Data Fig. 10 Scheme summarizing the main findings.
Keratin expression is regulated by early heterogeneities in the BAF complex. During inner–outer cell segregation, apically localized keratin filaments are asymmetrically inherited by outer daughter cells, where they stabilize apical F-actin to promote apical polarity and acquisition of a trophectoderm fate. At late stages, keratins also support blastocyst morphogenesis. The numbers indicate the key events.
Source data





Supplementary information
Reporting Summary

Supplementary Video 1
Mouse and human blastocysts display an extensive keratin filament network in the trophectoderm 3D render of fixed mouse and human blastocysts stained for K8 (orange) and DAPI (cyan). Data are representative of 3 independent experiments.


Supplementary Video 2
Keratin filaments assemble at the apical surface of an 8-cell blastomere Time-lapse imaging of a live embryo expressing K18-Emerald (orange) and RFPMAP2c (white) at the 8-cell stage. One cell (top) begins to assemble filaments before the other visible cells of the embryo. The filaments accumulate in the subcortical apical region of the cell. Data are representative of 3 independent experiments.


Supplementary Video 3
Tracking computationally segmented filaments shows that keratins associated with the apical domain become more static High magnification timelapse imaging of a single cell in a live embryo expressing K18-Emerald (orange), RFPUtrophin (white), and H2B-RFP (white). The dynamic behavior of keratin filament movement can be observed throughout the cell. The second and third playback show individual computationally segmented filaments. The keratin filament in contact with the apical domain (blue) is more static than the filament away from the apical surface (yellow). Data are representative of 3 independent experiments.


Supplementary Video 4
Keratin filaments are asymmetrically inherited during an outerinner cell division Time-lapse imaging of a live embryo expressing K18-Emerald (orange), RFP-Utrophin (white), and H2B-RFP (white). The first cell to form keratin filaments is indicated. Keratin filaments begin to accumulate apically in that cell, in close association with the F-actin ring. Upon entry to mitosis, the F-actin ring disassembles, but keratin filaments remain apically localized, and subsequently become asymmetrically inherited by the outer daughter cell. The inner daughter cell is devoid of keratins. Data are representative of 3 independent experiments.


Supplementary Video 5
Keratin-inheriting cells remain in the outer layer of the embryo, while keratin-negative cells can undergo internalization Time-lapse imaging of a live embryo expressing K18-Emerald (orange), RFP Utrophin (white), and H2B-RFP (white). A cell (bottom left) divides and produces two daughter cells, initially positioned in the outer layer of the embryo. The outer daughter cell on the left inherits keratin filaments and remains in the outer layer. By contrast, the outer cell that did not inherit keratins subsequently internalizes to contribute to the inner mass of the embryo. Data are representative of 3 independent experiments.
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