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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Design and validation of PHO-v2 and bridging 
oligonucleotides (BO) for sequential spatial encoding with memory.  
a, Schematic of the PHO-v2 and bridging oligonucleotide (BO) designs. PHO-v2 
sequences are modified slightly from the original sequence to incorporate 
an ‘inner’ bridge handle downstream of the ‘inner’ polyA sequence to enable 
hybridization with BOs. BOs are complementary to both the PHO-v2 ‘inner’ 
bridge handle and the ‘outer’ PCR handle, thereby preventing release of the 
cleaved ‘outer’ PHO-v2 sequence after illumination. b, BO hybridization prevents 
release of the ‘outer’ PHO-v2 sequence during photocleavage. Representative 
fluorescence images of cells labeled with an ‘outer’ Cy5-conjugated PHO-v2 
molecules (grayscale) before illumination (left), during patterned illumination 
(middle), and after illumination (right). In the absence of BOs (top), Cy5 
fluorescence is lost from illuminated regions following photocleavage, 
indicating release of the ‘outer’ PHO-v2 sequence. In the presence of BOs 

(bottom), Cy5 fluorescence is retained after illumination, demonstrating that BO 
hybridization preserves the ‘outer’ PHO-v2 sequence from release. Scale bars, 
100 µm. c, Sequential optical labeling enables combinatorial spatial encoding in 
the presence of BOs. Cells were labeled in three successive rounds with uniquely 
barcoded PHO-v2 molecules (PHO1-PHO3), each conjugated to a distinct 
fluorophore, followed by BO addition after each illumination round. For each 
round, the top row shows the programmed illumination pattern, and the bottom 
row shows the corresponding experimental fluorescence image. Black, gray, 
and white pixels indicate no, intermediate, and saturating illumination levels, 
respectively. Composite images demonstrate the unique RGB fluorescence 
combinations generated by sequential rounds of optical labeling for two 
illumination schemes (2 x 4 and 3 x 6), illustrating how BO-mediated preservation 
of previous labeling patterns enables exponential expansion of spatial encoding 
capacity. Scale bars, 100 µm.
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Extended Data Fig. 8 | Droplet-based spatially-resolved transcriptomics 
using scSTAMP-seq. a, Schematic of PHO library preparation for droplet-based 
scSTAMP-seq using the 10x Genomics platform. Uncleaved and cleaved PHOs 
are copied using a polyT capture primer (gray), which also contains an Illumina 
TruSeq Read 1 sequence (black), a cell specific 10x barcode (green), and a UMI 
(orange). Following the extension of these molecules using a template switching 
oligo (TSO; teal), PHO-derived molecules are separated from endogenous 
mRNA-derived cDNA using SPRI beads. Two rounds of PCR then incorporate 
the Illumina P5 (purple) and P7 (brown) adapters, a sample index (tan), and 

the TruSeq Read 2 sequence (yellow) to generate the final Illumina sequencing 
libraries. b, UV illumination does not alter the endogenous transcriptome in 
droplet-based scSTAMP-seq. Scatterplot compares normalized gene expression 
between cells exposed to no light and saturating UV illumination required for 
complete PHO cleavage (Pearson’s r = 0.992, Spearman’s ρ = 0.900). Individual 
points represent genes (n = 28,073 genes). c, Principal component analysis (PCA) 
of the transcriptome of individual cells exposed to no illumination (open points; 
n = 75 cells) and saturating UV illumination (filled points; n = 62 cells) processed 
by droplet-based scSTAMP-seq (N = 137 total cells).

http://www.nature.com/naturebiotechnology
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Extended Data Fig. 9 | scSTAMP-MAT-seq library preparation workflow and 
validation. a, Schematic of the scSTAMP-MAT-seq workflow for joint spatial 
profiling of mRNA, DNA accessibility, and DNA methylation from the same cell. 
First, cells are incubated with PHOs and illuminated with light patterns. Single 
cells are then dissociated, sorted into 384-well plates, and lysed. The following 
two steps are then performed simultaneously – (1) mRNA is reverse transcribed 
and the ‘inner’ and’outer’ DNA sequences of PHOs are copied using a polyT primer 
with an overhang containing a cell- and mRNA/PHO-specific barcode, a UMI, a 
5’ Illumina adapter and a T7 promoter; and (2) a methyltransferase, M.CviPI, is 
used to methylate cytosines in a GpC context within open chromatin. Next, after 
second strand synthesis (i), chromatin is stripped using protease (ii), 5hmC sites 
in the genome are glucosylated to block downstream detection by the restriction 
enzyme MspJI (iii), and MspJI is subsequently added that recognizes methylated 
cytosines in the genome and creates double-stranded (ds)-DNA breaks (iv). The 
digested genomic DNA (gDNA) molecules are ligated to ds-adapters containing a 
cell- and gDNA-specific barcode, a UMI, the 5’ Illumina adapter and a T7 promoter 
(v). Following this, as all molecules are tagged with cell- and molecule-of-origin-
specific barcodes, individual wells of the 384-well plate are pooled (vi), and the 
short PHO-derived molecules are separated from barcoded endogenous mRNA- 
and gDNA-derived molecules using SPRI beads (vii). PHO-derived molecules are 
then amplified by PCR to generate spatial Illumina libraries (viii). The mRNA- 
and gDNA-derived molecules are amplified by IVT (ix), followed by a further 
enrichment using polyA biotin/streptavidin coated beads to separate mRNA-
derived molecules from gDNA-derived molecules (x). Finally, the remaining 

mRNA- and gDNA-derived molecules are amplified (xi) to generate endogenous 
transcriptome and epigenome Illumina libraries (see Supplementary Note for 
details). b, Comparison of the transcriptome obtained from scSTAMP-MAT-seq 
to scRNA-seq and scSTAMP-seq. Violin plots show the number of genes and 
unique transcripts detected per cell. Individual points represent single cells. 
Center lines indicate the median and boxes denote the interquartile range (IQR). 
After quality-control filtering, scRNA-seq (n = 111 cells), scSTAMP-seq (n = 81 
cells), and scSTAMP-MAT-seq (n = 98 cells) (N = 290 total cells) were analyzed. c, 
Benchmarking DNA accessibility and DNA methylation measurements obtained 
by scSTAMP-MAT-seq against scMAT-seq. Left, scatterplot of unique methylated 
GpC sites (DNA accessibility) detected per cell as a function of the sequencing 
depth for scSTAMP-MAT-seq and MAT-seq. The number of unique methylated 
GpC sites detected per cell for scMAT-seq ranged from 40,000 to 212,000, with a 
median of 109,000. The number of unique methylated GpC sites detected per cell 
for scSTAMP-MAT-seq ranged from 27,000 to 269,000, with a median of 96,000. 
Right, scatterplot of unique endogenously methylated CpG sites detected per 
cell as a function of the sequencing depth for scSTAMP-MAT-seq and scMAT-
seq. The number of unique endogenous methylation sites detected per cell for 
scMAT-seq ranged from 21,000 to 106,000, with a median of 59,000. The number 
of unique endogenous methylation sites detected per cell for scSTAMP-MAT-seq 
ranged from 16,000 to 207,000, with a median of 55,000. Data points represent 
individual cells processed by scMAT-seq (n = 56 cells) and scSTAMP-MAT-seq 
(n = 52 cells) (N = 108 total cells).
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Extended Data Fig. 10 | scSTAMP-seq reveals spatial gene expression patterns 
in a 2D model of human gastrulation. a, Schematic comparing gastrulating 
human embryos with 2D gastruloids derived from human induced pluripotent 
stem cells (hiPSCs). In both contexts, distinct spatial domains emerge that 
contain epiblast-like cells (green), primitive streak-like mesoderm and endoderm 
cells (red), and extraembryonic-like lineages (blue), recapitulating early germ 
layer patterning. b, Combinatorial spatial encoding of PHO labeled hiPSC-
derived gastruloid colonies. Representative images of the experiment described 
in Fig. 3g-i show a gastruloid labeled with distinct PHOs carrying different ‘outer’ 
fluorophores and exposure to two rounds of different illumination patterns. At 
the end of optical labeling, fluorescence from Cy5-labeled (left) and FAM-labeled 
(middle) PHOs, followed by a composite overlay (right) illustrate the resulting 
combinatorial spatial encoding. Scale bars, 100 µm. c, Panels c-g show how 
radial gradient illumination is used to encode continuous spatial information in 
PHO-labeled hiPSC-derived gastruloids. Representative fluorescence images of 
‘outer’ Cy5-conjugated PHO-labeled cells. Scale bars, 100 µm. d, Quantification 
of images shown in panel (c). Box plots show normalized mean Cy5 fluorescence 
intensity (n = 3). Center line indicates the median, boxes span the interquartile 
range (IQR), and whiskers extend to 1.5x IQR. e, The DMD-projected illumination 
pattern used for each gastruloid colony, with maximal light intensity at the edge 
and non-linear decay toward the center. f, Quantification of the illumination 
gradient shown in panel (e). The light intensity is plotted as a function of distance 
from the edge of the illumination pattern. g, Expected PHO cleavage from the 

light gradient across the gastruloid. A non-linear light decay profile was selected 
for the illumination pattern to produce linear photocleavage of PHOs across 
radial position, thereby maximizing the dynamic range and spatial information 
in the downstream readout. h, Spatial gene expression profiles of canonical 
lineage markers CDX2, SOX17, EOMES, and DNMT3B across normalized radial 
position in 2D human gastruloids. i, LOESS-smoothed expression profiles for 
individual genes grouped by similarity in spatial expression patterns across 
the radial axis of 2D human gastruloids. Each panel corresponds to one of four 
spatial expression groups (I-IV), with z-score normalized expression of each gene 
plotted as a function of normalized distance (based on PHO cleavage ratio) from 
the colony edge. Expression data was evaluated at 20 evenly spaced spatial bins 
along the x-axis, enabling consistent comparison across genes. Bold colored 
lines represent the group average, and thin lines represent expression profiles 
of individual genes. j, Spatial expression profiles of chromatin regulators in 
2D human gastruloid colonies. LOESS-smoothed spatial expression profiles of 
chromatin regulators. z-score normalized expression of each gene is plotted as a 
function of normalized distance (based on PHO cleavage ratio) from the colony 
edge. Expression data was evaluated at 20 evenly spaced spatial bins along the 
x-axis, enabling consistent comparison across genes. The chromatin regulators 
are colored by category: histone editors (red), histone readers (orange), DNA 
editors (blue), DNA readers (green), ATP-dependent chromatin remodelers 
(yellow), and Polycomb group proteins (purple).
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