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Supplementary Text
Supplementary Video Legends

Supplementary Video 1: Coordination of ureteric bud tip branching morphogenesis and
nephron formation. Side-view schematic depicting four cycles of UB tip branching. UB tubules
(green), cap mesenchyme (magenta), early nephrons (white). UB tips branch at the surface of the
kidney and are surrounded by cap mesenchyme cell populations that repel each other. Early nephrons
are induced at ‘armpit’ regions of tubules. Note that nephrons are distributed among daughter tips
during each branching cycle. The movie represents the E15-19.5 period during which the tip branching
rate matches the nephron formation rate’. Note the ‘self-similar’ nature of branching.

Supplementary Video 2: Asynchronous tip branching disrupts crystal-packed regions of tip
domains in silico. (A) Conceptual movie of model tip domain pairs represented by sphere pairs
repelling other pairs at an example E15 mouse kidney surface mesh. Tip domain pairs are added at
random locations as the mesh grows isotropically such that tip domain number increases proportional
to mesh surface area to the power 1.3 (ref. 2). Spatial parameters over the course of the movie
approximately reflect ~E15-E18. Note the emergence of square- and hexagonal close-packed regions
that are disrupted spatially and temporally by tip branching events. (B) Inset of another simulation
instance over the latter portion of (A) in which sphere pairs are shaded by relative local stress
(proportional to elastic strain between pairs). Note local stress increases upon spatially random addition
of new tip domain pairs.

Supplementary Video 3: Laser ablation causes rebound of cap mesenchyme and stroma
between pairs of ureteric bud tips. Timelapse of E17 mouse embryonic kidney by widefield
microscopy during laser microdissection (see Methods). The timelapse is played at ~10x real-time. UB
tips are shown firstly by Alexa Fluor 488-PNA fluorescence. Ablation is then performed while imaging
for all cells (CellTracker Red), and cut opening imaged for a further 45 s. The video concludes with a
comparison of movie frames immediately after cutting vs. 45 s later.



Supplementary Notes

Supplementary Note 1. The hypothesis that nephron progenitor decision making and mechanical
microenvironment are linked is motivated by the following observations: BMP/pSMAD and Wnt/(3-
catenin axes that prime and differentiate nephron progenitors are mechanosensitive in other contexts®
°. Nephron progenitor regulation is dependent on the mechanotransduction pathway member YAP®®,
an integrator of mechanical cues affecting a range of differentiation events®’, and on appropriate
Rho/ROCK and non-muscle myosin Il activity>='". The YAP pathway appeared as a branching life-
cycle-correlated hit in nephron progenitor spatial sequencing'. Negative regulation of Rho GTPase,
Rho-associated protein kinase (ROCK), and non-muscle myosin IIA/B isoforms (Myh9/Myh10) lead to
increases in nephron formation (e.g. low dose H1152, a ROCK inhibitor) or decreases in nephron
formation (e.g. high dose H1152; mesenchymal Myh9/Myh10 deletions)*"". Both Rho/ROCK and non-
muscle myosin IIA/B are important to cell tension and perception of the mechanical
microenvironment''. Human stem-cell derived kidney organoid differentiation and nephron segment
morphogenesis are sensitive to the mechanics of the encapsulating hydrogel’. Nephrogenesis is
significantly increased during embryonic kidney explant culture under surface tension at an air-media
interface, rather than suspended just below the media surface or in hanging drops'®. Nephron formation
in hemispherical bio-printed organoids is biased toward high-curvature edges'’, which are known to
amplify mechanical strain®.

Supplementary Note 2. Repulsive particles pack most efficiently on flat surfaces in a hexagonal close-
packed (triangular lattice) fashion where each particle has six neighbors (i.e. the coordination number z
= 6) (Figure 1B). However, this packing pattern cannot be maintained on a curved surface, since
wrapping a triangular lattice onto a surface with non-zero Gaussian curvature creates strain'®. This
strain creates an energetic cost that favors the emergence of topological defects called disclinations, in
which some particles have greater or fewer than six neighbors. For example, the strain introduced into
a hexagonal lattice mapped onto a spherical surface can be relieved by introducing 12 pentagons
(known as topological defects of ‘charge’ s = +1), such as in the familiar pattern of pentagons and
hexagons making up a soccer ball. For curved crystals that are sufficiently large (R/a > 5 for spheres,
where R is sphere radius and a is mean particle spacing), the energy cost of isolated pentagon (s = +1)
defects becomes too large'®?°. The resulting strain is therefore relieved through the spontaneous
appearance of ‘excess’ dislocations as pairs, clusters, or chains of alternating charge (i.e. particles with
coordination number 5-7-5-7-...-5) called ‘grain boundary scars’ each with a net charge of +1 that
effectively distribute the elastic energy of the defect over a larger area'2'?2,

Supplementary Note 3. The theory of curved crystals suggests that the amount of bias toward
pentagon dislocations will increase linearly with curvature. This curvature dependence of tip geometry
can be summarized by plotting total disclination defect charge Q for individual kidney fields of view
against the surface integral of their Gaussian curvature (in units of disclinations), Q. The Gauss-Bonnet
theorem suggests that the overall topological charge will increase linearly here to “screen” curvature-
induced stress?"%.

Supplementary Note 4. Live imaging of cap mesenchyme cells in mouse kidney explants at an
equivalent developmental time of ~E14 has shown their mean speed to be approximately 3.5 x 10° ym
s (12.6 um hr), compared to a relative divergence speed of sister UB tip domains of ~2-5 ym hr" (ref.
2. Therefore, during early branching morphogenesis, cap reorganization is sufficient to consider it as a
fluid-like compartment on the timescale of tip domain branching. Similarly, UB tips are dynamic and the
tip domain actively remodels throughout the branching cycle via a ‘lumenal mitosis’ mechanism that
drives cell dispersal®. Proliferating tip cells detach from the basement membrane, undergo mitosis
within the tip lumen, and randomly reintegrate into nearby sites, fueling overall tip growth. Less is
published on stromal cell dynamics, but for example endothelial cell induction from FOXD1+ stromal
cells, recruitment, and reorganization into developing vascular plexuses at the border of tip domains is
highly active during their branching?.



Supplementary Note 5. Although ¢ predicts density-dependent jamming of niches, the underlying
theory neglects potentially important parameters®’?® including collective cell elasticity and active
contractility (embryonic kidney cortex explants shrink in the hours after cutting?), and the contribution of
cell-cell and cell-matrix adhesion to interfacial tension at cap-stroma interfaces. We therefore applied
density-independent rigidity theory created for the high packing fraction regime that accounts for these
parameters. Since niches pack side-to-side in one layer, we turned to a family of models developed for
tissues organized into tessellated polygonal subunits having elasticity, contractility and interfacial
tension®=¢. This family includes 2D vertex models (where the degrees of freedom are the vertices of
sub-unit polygons) and 2D Voronoi models (where the degrees of freedom are the Voronoi centers of
sub-unit polygons). The vertex and Voronoi models are distinct, but in practice the local minimum
energy states of the two are very similar*’. Each model is based on forces imposed through the
gradient of a dimensionless energy functional of the form?3-31:33-3%37;

e=Y [(Pi—P)* +ka(Ai — 1)

2

Where the average polygon area is 1, P;is the actual perimeter of polygon i, Py is the preferred polygon
perimeter, and A; are actual polygon areas. ka controls the relative area and perimeter moduli. The first
term models contractility and interfacial tension. For cells, this would capture cell cytoskeletal
contractility and cell-cell interfacial tension, while for tip domains this would capture collective cell
contractility and domain-domain interfacial tension at the cap mesenchyme-stromal interfaces (Figure
2B). The second term models area elasticity. For cells, this would capture cell elasticity, while for tip
domains this would capture collective cell elasticity. Rigidity transitions have been found in the 2D
vertex model for ka = 0 when the control parameter po crosses a transition point at p*o = 3.87, for ka > 0
at p*o = 3.81-3.92, and in the 2D Voronoi model for ks = 0 at p*o = 3.82 (ref. 2%). A strict rigidity
transition does not occur in the 2D Voronoi model for ka > 0, but it still exhibits a striking increase in e.g.
elastic modulus in the vicinity of p*o = 3.8 (ref. 3). In practice we measure the median of the observed
shape index, p, an order parameter used as a proxy for po (ref. 2°*?). We use p* as short-hand for p*o in
the main text. This model family therefore identifies the shape index range of 3.8-3.92 as a threshold at
which density-independent stiffening or a sharp rigidity transition may occur in tissues organized into
tessellated polygonal sub-units such as cells or tip domains.

For tip domains, these energy terms are justified firstly by macroscopic behavior of embryonic kidney
cortex explants, which actively contract and round up without loss of tip domain adhesion to neighbors
in the hours after cutting®. Secondly, elasticity of tip domains is implied by positive stiffness values
returned by microindentation on a length-scale appropriate to tip domain extents in xy and z (Figure
3D), and interfacial tensions are implied by rebound distances being positive in domain-domain
interface ablation experiments (Figure 5H).

Supplementary Note 6. To draw a connection between tip domain shape index and our previous
geometric model of tubule family packing?, we produced heat maps of shape index for three
characteristic tip packing regimes that appear in the model over developmental time. These regimes
appear to exhibit amorphous, square-like, and hcp-like packing respectively, accounting for the
reduction in shape index from E14-17 in both the model and kidney data (Supplementary Figure 3A
and Figure 2D). In reality, tip packing does not perfectly adhere to any one regime at a snapshot in
time (Supplementary Figure 2H, Supplementary Figure 3B). This could be caused by disruption of
packed regions due to asynchronous tip branching that would displace neighbors (Supplementary
Video 2A) and create heterogeneity (polydispersity) in the relative size and shape of tip domains. This
means that our previous model predicts the stage at which a given packing phase may exist, but a
mixture of phases arises in practice. For example, at mouse E17 and human week 18 we observe
regions that exhibit amorphous, square-like, or hcp-like packing (Supplementary Figure 2H,
Supplementary Figure 3B). These regions persist for 2-3 tip-to-tip spacings in xy, as revealed by
spatial autocorrelation analysis showing four-fold and six-fold rotational symmetry for square-like and
hcp-like regions respectively (Supplementary Figure 3C). Overall, these data show that tip domain



packing is semi-crystalline (having a mixture of amorphous and crystalline phases), with an increased
prevalence of square- and hcp-packed regions predicted at later developmental times.

Supplementary Note 7. We verified that Brillouin shift correlated with polyacrylamide gel stiffness
measured by microindentation (Supplementary Figure 5), adding to extensive validation data from
hydrogels, cells, and tissues®*°. Although accurately translating the high-frequency Brillouin modulus
to Young’s modulus requires careful calibration specific to a given sample, we approximated the
relative change in Young’s modulus of cap mesenchyme based on an empirical log-log linear
relationship established using cells*'. For a Brillouin shift increase of 0.1 GHz, the relative increase in
Young’s modulus is ~46%.

Supplementary Note 8. Nephrons per tip domain can be scored from 3D confocal
immunofluorescence stacks by summing counts of SIX2+ spheroids beneath UB tips (pre-tubular
aggregate and renal vesicle stages) with counts of sites where connecting tubules from more mature
nephrons connect to tips (comma shaped body, S-shaped body, and later stages), Supplementary
Figure 6A. Any geometric parameter of tip domains can then serve as a suitable pseudotime metric in
principle, so long as it 1) correlates with nephron number, 2) is relevant to branching progress, and 3) is
measurable from imaging of fixed kidneys. In one such analysis we found a negative correlation
between tip domain area and shape index, reflecting the proposed ‘life-cycle’ of tips. Recently divided
tips bearing fewer nephrons had lower area and higher shape index, while older tips bearing more
nephrons were larger with lower shape index (Supplementary Figure 6B). These data imply that the
tip domain shape index can be used as a pseudotime metric to register tips with respect to their stage
in the branching process (Supplementary Figure 6C,D). Calculating a rolling average of nephron
number per tip over pseudotime revealed that nephrogenesis rate increases as the shape index of tip
domains drops below an intermediate value of p ~ 3.91 (Supplementary Figure 6E). This means that
nephrogenesis pauses as new tips branch outward against neighboring tip domains and begin to round
up, and then resumes as tip domains then grow in area (Supplementary Figure 7).

Supplementary Note 9. Cell nucleus elongation and alignment generally correlates with anisotropic
stress and/or ECM fiber alignment*“?™°_ Since there is no basement membrane at the cap
mesenchyme-stromal interface and ECM fibers in mouse appear to be aligned along the
corticomedullary (xz) axis rather than along ribbons in xy*®*’, we reasoned that any enrichment in
nuclear elongation or alignment there would reflect local mechanical stresses®.

Supplementary Note 10. We reasoned that force inference could be extended to the tissue level
because both cells and tip domains can be modeled by networks of interfaces (cell junctions / stromal
junctions) that transmit mechanical stress between neighbors. Bayesian force inference was applied
according to a published procedure that assumes that tissues are in instantaneous mechanical
equilibrium, tissue mechanics are dominated by in-plane tensions and pressures, and that interfacial
tensions are positive*®*°. Mechanical stresses can be determined from these data without assuming the
biophysical origin or spatial localization of forces*®'. Force inference has been successfully validated
by laser ablation experiments across several model organisms, tissue types, and length-scales (from
several-cell to large multicellular tissues)*®. The Bayesian approach is appropriate here, since it does
not require measurement of interface curvatures, making it ideal for our application to large numbers of
tip domains interfaces with negligible curvatures that can be closely approximated by polygonal Voronoi
cell edges*® (Figure 1C,D). Tensions and pressures are estimated from force balances at vertices of
polygon junctions, where parallel (interfacial tension) and perpendicular (hydrostatic pressure, elasticity,
and contractility) force contributions are transmitted to neighboring polygons. The biological origin of
these forces may be distributed throughout polygons and need not be localized at junctions
themselves®°'. Junctional stresses estimated through force inference are thought to be independent of
other external contributions to total stress*® due to e.g. out-of-plane basal interaction between tip
domains and underlying cortical tissue.

Supplementary Note 11. Our data shows recoil velocities in the range of 0-8 ym min™ and cut opening
distances of 0-10 ym. Developmentally relevant recoil velocities are in the range of 1-60 ypm min™" for



cut opening distances of 0.4-8 um in Drosophila amniosera, notum, retina, ventral furrow, and wing
imaginal disk; the majority of these studies being at multi-cellular/tissue scale*®**®". Perez-Gonzalez et
al. saw recoil velocities of ~3-15 ym min™" in mouse intestinal crypt organoids and used that to justify a
force “dragging cells out of the crypt towards the villus...”®®. Saha et al. analyzed recoil distances of < 2
um in gastrulating zebrafish embryos®®, a site and time known for high morphogenetic forces. Kong et
al. found cut opening distances of ~40 um for tissue-scale cuts of ~400 um length-scale (10% ratio) in
quail embryos*. However, our maximum opening distances of ~10 um are about as much as can be
reasonably expected from cut lengths of ~40 um (25% ratio), i.e. going from —— to  Din
relative dimension. In the Saha et al. paper mentioned above, ~25 um-length cuts go from ———to
——. In other words, cut opening rates or dimensions cannot be significantly different from the
cutting length-scale itself. These literature examples indicate that our recoil velocities and distances are
consistent with those found in other multicellular morphogenesis events across diverse systems.



Supplementary Figures
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Supplementary Figure 1: Kidney curvature analysis. (A) Perspective rendering (top row) and wireframes
(bottom row) for example segmented E17 confocal stack and resulting surfaces generated after each processing
step in Rhino (see Methods). (B) Mid-plane yz cross-sections of original segmented volume and loft surface after
pre-processing steps, showing appropriate fit for subsequent curvature analysis. (C) Top (xy) view renderings of

original volume, loft surface as a heatmap of height from MATLAB, and loft surface as a heatmap of Gaussian
curvature from Rhino Grasshopper.
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Supplementary Figure 2: Human embryonic kidney tip domains show similar packing, shape index
decrease over time, and semi-crystallinity as in mouse. (A) Schematic of lobed human embryonic kidney. (B)
Whole-mount confocal immunofluorescence maximum projections of week 11, 15 kidneys (data in (B)-(H) are a
re-analysis of images published in ref. 6°). Markers are cytokeratin 8 (UB), SIX1 (nephron progenitors in cap
mesenchyme). Caps are separated by ribbons of stroma (unlabeled). (C) Left, Detail and cross-sections of
example week 11 lobe. Middle, UB tip positions overlaid on height map of the kidney surface. Right, Voronoi
diagram tracing tip domains overlaid on SIX1 immunofluorescence channel. Voronoi cells are colored by
coordination number (# neighbors). (D) The same elements for an example week 18 kidney lobe. (E) Average
Gaussian curvature for patches of kidney lobe surface, n=4, 3, 5, 3, 2, 2, 1, 1 patches across 4, 2, 3,2, 1,2, 1,1

8



kidneys for week 8, 11, 13, 15, 16, 17, 18, 23 stages respectively. (F) Plot of cap mesenchyme area fraction ¢
over developmental time relative to 2D square packing, random close packing (rcp), and hexagonal close packing
(hcp) of circles (mean £ S.D., n as for (E) except week 8 kidney SIX1 staining was not suitable to assess ¢). (G)
Box and whisker plots of tip domain shape index distributions over time, relative to those for squares, pentagons
(pent), and hexagons (hex), and to p* = 3.8-3.92 (n = 114, 168, 282, 144, 109, 102, 109, 104 tip domains across
4,2,3,2,1,2,1, 1kidneys for week 8, 11, 13, 15, 16, 17, 18, 23 stages respectively. Unpaired two-tailed t test).
Horizontal lines are minimum and maximum (excluding outliers), and quartiles (25/50/75%); points are outliers.
(H) Representative case study of amorphous and crystalline (square-like, hcp-like) phases of tip domain packing
at week 18. Top, Confocal micrograph of tip domains and shape index heatmap. Example packing regimes are
outlined in blue. Bottom, Inset of these regions showing lattice lines and decreasing median shape index p from
amorphous to square-like to hcp-like packing.
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Supplementary Figure 3: Close packing of ureteric bud tip domains predicts emergence of semi-
crystalline order over developmental time. (A) Left column, Representative physical model output for tubule
packing regimes characteristic of the indicated developmental ranges, previously reported in ref. 2. Right column,
overlays of Delauney triangulations indicating coordination number of tip domains on spatial heatmaps of shape
index, showing reducing shape index as tip patterns transition from amorphous to square-like to hcp-like regimes.
(B) Representative case study of amorphous and crystalline (square-like, hcp-like) phases of tip domain packing
at E17. Top, Confocal micrograph of tip domains and shape index heatmap. Example regions of different packing
regimes are outlined in blue. Bottom, Inset of these regions showing lattice lines and decreasing median shape

index p from amorphous to square-like to hcp-like packing. (C) Study of positional order within regions in (B) by
spatial autocorrelation.

10



’(7)\ —

-~ &

=20 e 07

S 16 &+ x 06

2 \ + 5 »n 0.5 $
8 12 N "QE 0.4 ///
2 \ 3T 03 4/*
5§ 4 28 01 2

R oOm

g o 25 ©

R E17 E17 >0 E17 E17
= poles poles
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pairs per kidney, paired two-tailed ¢ tests).
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Supplementary Figure 5: Brillouin shift correlates with polyacrylamide gel stiffness measured by
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Supplementary Figure 6: Nephrogenesis rate varies over a tip domain ‘life-cycle’ defined by shape index.
(A) Left, Schematic showing side (xz) view of a pair of UB tips associated with early-stage nephrons (PTA, pre-
tubular aggregate; RV, renal vesicle) and later-stage nephrons (CSB, comma shaped body; SSB, S-shaped
body). Right, Top-view confocal immunofluorescence micrographs at the mid-plane of UB tips and 20 um deeper
into an E17 kidney. All nephrons associated with each tip can be annotated either as SIX2* spheroids for early
nephrons or from the attachment points of their connecting tubules for later nephrons (white circles at tips in PNA
channel), see arrows. (B) Plot of tip domain area against shape index, with nephron number per tip in the color
dimension (n =42, 494, 133, 15 tip domains for 0, 1, 2, 3 nephron # per tip categories across 4 E17 kidneys. One-
way ANOVA, Tukey’s test). Each axis is also plotted individually vs. nephron number per tip. (C) Schematic of UB
tip life-cycle and definition of a pseudotime based on shape index of tip domains. (D) Example confocal
micrographs of tip domains over a range in shape index. (E) Rolling average of nephron number per tip against
shape index (window width = 50 points).
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Supplementary Figure 7: Tip domains transition from rounding-dominated to area growth-dominated
regimes over tip life-cycle. (A) A version of Supplementary Figure 6B divided into two periods during the tip
life-cycle before (right side) and after (left side) nephrogenesis begins (Supplementary Figure 6E). Note that
younger tip domains with fewer nephrons primarily round up prior to the nephrogenesis phase, which then
coincides with a higher rate of tip domain area increase. (B) A version of Supplementary Figure 6E except
plotted against tip domain area rather than shape index.
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Supplementary Figure 8: Cortical stromal cells align along tip domain interfaces in human embryonic
kidney. Left, schematic of niche structure and positions of optical sections. Right, Whole-mount confocal

immunofluorescence sections of a representative group of 4 UB tip domains at three section depths as indicated
at left. Image data are a re-analysis of confocal stacks published in ref. €0).
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Supplementary Figure 9: Kidney cortex ablation data fits standard Kelvin-Voigt model of cut retraction
with sufficient temporal and spatial resolution. (A) Intensity and spatial calibration target patterns and plots
from ablation instrument screen to iPhone-based data readout. Output diameter was estimated by manual
segmentation. (B) Inverted fluorescence profiles, left, and Gaussian fits, right, for an example cut over time, inset.
(C) Individual overlays of inverted cut fluorescence and Gaussian fit at a sub-sample of movie frames. (D) Top,
Schematic of Kelvin-Voigt model (spring and dashpot in parallel) for cut opening, having asymptotic cut opening
distance D and single-exponential opening dynamics captured by the time constant 7. D reports on force:elasticity
ratio in the tissue prior to the cut being made®'%2. Bottom, Cut fluorescence is Gaussian fit for each movie frame,
plotted as cut width L(t)-L(0) at 10% of maximum vs. time, and fit with the Kelvin-Voigt model equation. Fit
parameters and coefficients of variation are indicated. (E) Cut opening distance trajectories for example cuts from
E15 and E17 kidneys analyzed in Figure 5H, showing sufficient temporal resolution and spatial accuracy for
model fitting within reasonable error thresholds (error estimates of D and t were <5% and <15% coefficient of
variation respectively).
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Supplementary Figure 10: Laser ablation case studies over the niche life-cycle. Example laser ablation
cases for 15 cuts on E17 kidneys. Representative cases are displayed for average shape index of the tip domains
immediately adjacent to each cut in the vicinity of p ~ 3.8, 3.9, and 4.0 to visually contrast cut opening magnitudes
among these categories. Each case shows fluorescence micrographs of UB tips with cut ROls and local Voronoi
diagram overlaid, and kidney surface fluorescence immediately after cutting and after 45 s. Cut boundaries and
associated rebound distances are also shown. White arrows indicate the cut of interest if more than one cut
appears in the field of view. Inset, zooming in to show boundaries for a representative subset of cuts, note higher
rebound distances for cuts made between younger niches having higher average shape index that are earlier in
their branch life-cycles.
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