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            Abstract
Steroid hormone receptors are ligand-binding transcription factors essential for mammalian physiology. The androgen receptor (AR) binds androgens mediating gene expression for sexual, somatic and behavioural functions, and is involved in various conditions including androgen insensitivity syndrome and prostate cancer1. Here we identified functional mutations in the formin and actin nucleator DAAM2 in patients with androgen insensitivity syndrome. DAAM2 was enriched in the nucleus, where its localization correlated with that of the AR to form actin-dependent transcriptional droplets in response to dihydrotestosterone. DAAM2 AR droplets ranged from 0.02 to 0.06 µm3 in size and associated with active RNA polymerase II. DAAM2 polymerized actin directly at the AR to promote droplet coalescence in a highly dynamic manner, and nuclear actin polymerization is required for prostate-specific antigen expression in cancer cells. Our data uncover signal-regulated nuclear actin assembly at a steroid hormone receptor necessary for transcription.
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                    Fig. 1: AR activity requires DAAM2 and the AR C terminus associates with F-actin.[image: ]


Fig. 2: Nuclear DAAM2 droplet formation and colocalization with AR is dependent on DHT signalling and actin assembly.[image: ]


Fig. 3: DHT signalling drives actin-dependent colocalization of DAAM2, AR and active RNA Pol-II.[image: ]


Fig. 4: DAAM2-dependent nuclear actin assembly at the AR.[image: ]


Fig. 5: DHT signalling drives nuclear actin assembly at the AR by DAAM2 required for transcription.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Variant validation and protein expression of AR and DAAM2 in male control GSF and both mutant strains.
a Sanger Validation of the variants found in DAAM2 mutant strains GSF-104 (NM_001201427.1 c.1840_1841insC) and GSF-163 (NM_001201427.1 c.495C>G). b DAAM2 knock down efficiency in male control GSF-22 at the mRNA and c protein expression level. d DAAM2 mRNA expression levels in male control GSF and both mutant strains. e Western blots showing whole cell extract expressions of AR and DAAM2 in two different scrotal (GSF-22 and GSF-26) and two different foreskin controls (GSF-122 and GSF-128) together with the DAAM2 mutants (GSF-104 and GSF-163). Ponceau staining served as loading control. f Quantification of DAAM2 protein levels normalized to ponceau. g Quantification of AR protein levels normalized to ponceau. The experiments were performed in three independent biological replicates. Means +/− SD are shown. P-values were calculated using a two-sided t-test. * p = 0.022, ** p = 0.0034, **** p < 0001. Values of p < 0001 are denoted by four stars, values of p < 001 are denoted by three stars, values of p < 005 are denoted by two stars, and values of p < 05 are denoted by one star. h Cytoplasmic (CE) and nuclear (NE) expression of AR, DAAM2 in male control GSF (GSF-26 and GSF-122) and both mutant strains. TAF15 and TUB served as compartment specific loading controls.
Source data


Extended Data Fig. 2 Microscopy validation and quantification analysis.
a 3D-volume rendering of DAAM2 IF signal for homozygous wt and heterozygous mutant cells, showing DAAM2 distribution throughout the cell. b Polystyrene beads (Bangs Laboratories, IN, USA) with 200 nm diameter labelled with Dragon Green (Exc: 480/Em: 520) or Flash Red (Exc: 660/Em: 690) were premixed (2:1 ratio) and subsequently mixed with viscous Mowiol resin for embedding. Z-stacks of beads were acquired with 0.091 µm z-distance in lattice-SIM mode similar to the acquisition of droplets in nuclei which are shown at the top of the figure. Droplets and beads were analyzed for colocalizing volume (CoLo). AR-/DAAM2 droplet pairs are closer than the Rayleigh criterion. In contrast, no beads were observed that missed the Rayleigh criterion. An additional comparison of lattice-SIM illumination and laser-epi illumination is shown in the bottom panel. c For comparing the association of beads and droplets a colocalization analysis was performed similar to Extended Data Fig. 2d. 15 bead pairs with differential fluorescence and maximal proximity in the lateral- or z-plane were selected for analysis and compared to representative 15 droplet pairs in the same size of DHT treated cells from Fig. 2f, j; Extended Data Fig. 2d. Droplets have an increased colocalizing volume indicating closer association. d Quantification of colocalizing volume between DAAM2 and AR of detected colocalization events in Fig. 2j. e Quantification showing percentage of DAAM2 droplets colocalizing with AR droplets in comparison to total nuclear DAAM2 droplets. f Immunofluorescence of endogenous AR (magenta) and RNA Polymerase-II (Ser2P, cyan) in control scrotal cells, treated with EtOH or DHT as well as addition of Hexanediol or Swinholide to DHT-treated cells. Area of zooms are indicated above (upper panel); lower panels displays magnified areas. Colocalization between AR and RNA Pol-II Ser2P is indicated by white asterisks. Scale bar overview: 3 µm; zoom: 0.3 µm. All images are shown as maximum intensity projections.
Source data


Extended Data Fig. 3 DAAM2 is required for nuclear actin assembly at the AR.
a ELYRA7 SIM-burst mode timelapse video of NIH3T3 cell, stably expressing the nuclear actin chromobody-mCherry transfected with AR-GFP (magenta) displaying nuclear actin tails at the AR after DHT-induced signaling for 16 h; areas of zoom are indicated. b Images of NIH3T3 cells stably expressing nAC-mcherry (green) and transfected with AR-GFP (magenta). Cells were treated with si-ctrl or siDAAM2 for 72 h and imaged after DHT addition for 16 h showing inhibition of actin-positive AR droplet formation; area of zooms are indicated; zoom 2 is indicated in Fig. 4d. c Western blot showing DAAM2 knockdown efficiency after 72 h. d SIM-burst mode timelapse video of LNCaP cells transfected with AR-GFP (magenta), DAAM2-mScarlet (orange) and nAC-SNAP (green) and stimulated with DHT for 16 h, showing DAAM2 mediated nuclear actin assembly at bigger AR droplet indicated by white asterisks. e Western blot of PSA reporter gene lysates in LNCaP cells showing expression of transfected NLS-BFP-R62D-myc and NLS-BFP-myc using anti myc antibody. Histone H3 serves as loading control. f Western blot of PSA reporter gene lysates in LNCaP cells showing expression of transfected NLS-Arpin, NLS-d.n.Arp2 and Exportin-6 using anti mCherry, anti RFP antibodies. GAPDH serves as loading control. g,h Representative Western blot displaying knockdown efficiency of DAAM2 and DIAPH3 in LNCaP cells 48 h after siRNA transfection using anti DAAM2 and anti DIAPH3 antibodies. Tubulin serves as loading control. i Representative Western blot showing test-expression of si-RNA resistant wt and mutant DAAM2-mScarlet constructs used for PSA gene reporter assay, detected with anti RFP antibody.


Extended Data Table 1 Clinical data of the two individuals with partial androgen insensitivity syndrome and male control GSF used in this studyFull size table


Extended Data Table 2 Exome sequencing results for DAAM2 variants from patient derived GSFsFull size table





Supplementary information
Supplementary Fig. 1
Uncropped and labelled scans of SDS–PAGE gels and immunoblots for all figures (.tiff). Cropped regions used in figures are indicated by boxes.


Reporting Summary

Peer Review File

Supplementary Video 1
DHT signalling drives colocalization of nuclear actin at the AR. Overview of transfected NIH3T3 cell showing colocalizing AR (magenta) and nuclear actin (green) 16 h after DHT signalling. Time is shown as m:ss.ms.


Supplementary Video 2
DHT signalling drives dynamic nuclear actin assembly at the AR. Magnification of Supplementary Video 1 showing dynamic nuclear actin (green) polymerization at the AR (magenta) 16 h after DHT signalling. Time is shown as m:ss.ms.


Supplementary Video 3
DHT-dependent coalescence of the AR is associated with dynamic nuclear actin assembly. Magnification of Supplementary Video 1 showing nuclear actin-positive (green) AR droplets (magenta) undergoing coalescence over time. Time is shown as m:ss.ms.


Supplementary Video 4
DHT signalling drives the formation of nuclear actin-positive AR droplets. Overview of transfected NIH3T3 cell showing nuclear actin (green)-positive AR droplets (magenta) 16 h after DHT signalling. Time is shown as m:ss.ms.


Supplementary Video 5
5 DHT signalling drives the formation of nuclear actin-positive AR droplets. Magnification of transfected NIH3T3 cell showing nuclear actin (green)-positive AR droplets (magenta) 16 h after DHT signalling. Time is shown as m:ss.ms.


Supplementary Video 6
DHT signalling drives droplet formation consisting of the AR, DAAM2 and nuclear actin. Overview of triple-transfected LNCaP cell showing colocalizing AR (magenta), nuclear actin (green) and DAAM2 (orange) 16 h after DHT signalling. Time is shown as m:ss.ms.


Supplementary Video 7
DHT signalling drives dynamic nuclear actin polymerization by DAAM2 at the AR. Magnification from overview Supplementaty Video 6. Triple-transfected LNCaP cell showing dynamic actin (green) polymerization by DAAM2 (orange) at the AR (magenta) 16 h after DHT signalling. Video shows first triple merge and subsequent respective double channels for the same time interval, indicated by labelling in the video. Time is shown as m:ss.ms.
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Source Data Fig. 5
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