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Supplementary Methods

Selection of features

We first normalized all features by min-max normalization into [0.01, 1]. We further filtered out
some features by the variance (variance>0.04 for PCC, variance>0.015 for MCM). Other
feature sets were selected in an inverse way.

Generating non-branch and cyclic trajectory

Based on the pseudo trajectory reconstructed by CIRCLET and tSNE map from four sets of
cells (G1, ES, MS, LS/G2) labelled by FACS, noted as “Raw group”, we removed a union of
cells in the head and tail of the pseudo trajectory and cells in tSNE map surrounded by red
dotted boxes in Supplementary Figure S2A. The number of removed cells in the head and tail
of the pseudo trajectory accounts for 5% of the whole cells, respectively. Thus, the above cell
set, noted as “Removed group” or reduced group, can be used as input for reconstructing a
non-branch trajectory ordering. Furthermore, we extended the reduced group by adding
synthetic nodes to the location between the head and tail of non-branch trajectory to obtain a
new set, noted as “Extended group”. Specifically, we first applied Principal Component Analysis
(PCA) to map original feature space onto the top K principle components, assuming the
smaller components representing noise, expressed as:

Z=UlxX,

where X e R™™ represents M samples with N features in original space and Uy e R

is loadings and Z e R“isthetop K eigenvectors after dimension reduction (default K =5).
We next selected two sets as seeds at both ends of the non-branch trajectory surrounded by
red dotted boxes in tSNE map (Supplementary Figure S2B, left panel) and iteratively extended
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this cell set in a low-dimensional space. We obtained a synthetic node z_ by computing a

weighted average of randomly 20 cells from two seed sets (10 cells per set), expressed as

2

Zos =28, 2%, 222] . The weighted average is calculated by

2L, =Zgs "W, W[=1,

syn

where w' is random weight vector for Z... Repeating the above process to obtain 20

synthetic nodes and adding these synthetic nodes to both two seed sets, which are seed cells
of next iteration. Iteratively running the above processes 10 times, we added 200 synthetic
nodes labelled by gray between the head and tail of a non-branch trajectory (Figure 3A, bottom

panel). Finally, we mapped the low-dimensional synthetic nodes Z_, back to the original

space by loadings U, expressed as

Xsyn = UK ><Zsyn'

“Extended group” is used as input for reconstructing a cyclic trajectory.



Computational resource and complexity

CIRCLET is implemented under computer environment - inter core 3.4GHz and 128G RAM). It
consists of four different feature sets from 1173 single cell Hi-C maps: MCM, CDD, Ins and
PCC. The size of input matrix is approximately 8561x1173 by choosing significant features
(Materials and Methods), where 8561 is the number of features, and 1173 is the number of
single cells. CIRCLET applies the diffusion map method to reduce high-dimension space to

low-dimension space. The time complexity of it is O(N3), where N is the number of cells in

the trajectory. Next, CIRCLET constructs KNN graph and computes initial ordering from a

starting cell, whose complexity are O(N?) and O(N?*log(N)) respectively. CIRCLET

chooses a series of cells as “waypoints”, whose number is a constant W (50 <W < 250) . Note

that the results are not sensitive to W . Then, CIRCLET detects the orientation of cells and

refines the ordering of cells, whose complexity areO(N2 *Iog(N)) and O(N) respectively.

Waypoints

CIRCLET selects a series of cells called waypoints along the whole trajectory to provide sparse
approximation for the entire dataset. Since random sampling of cells can result in outliers as
waypoints, waypoints are selected by a median filter strategy to preventing the outlier cells. For
each randomly selected cell, we identify its k nearest neighbors and define one cell closest to
the median of all neighbors as a waypoint.

Note the initial ordering of cells is relatively susceptible to noise as the distance increases.
CIRCLET addresses this issue by sampling a series of waypoints to guide the cell ordering.
Sampling waypoints helps to order cells by averaging across the waypoints. Meanwhile, the
closer waypoints from the source cell will give a relatively higher weight. Furthermore,
disagreements between the perspectives of waypoints are used to split the cyclic trajectory into
two semicircles of opposite directions.
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Figure S1. Exploring the preference of multiple feature sets and their combinations.

(A) Sum of increased ratio of CIRCLET compared to the competing study (Nagano et al.)
using the above five combinations of feature sets under five evaluation indexes. (B) tSNE maps
and corresponding reconstructed cell-cycle trajectories by CIRCLET from four FACS-sorted
cells (G1, ES, MS, LS/G2) based on the best combination (MCM+CDD+PCC). Two groups of
single cells are analyzed. One is the cell set removing the part of cell-cycle beginning and end
phasing cells from the inferred sequence of raw sets; and the other is the cell set extending
simulated cells between cell-cycle beginning and end phasing from removed ones. (C) The
share ratio of five scores between the reconstructed trajectory by Nagano et al. and CIRCLET
on the best combination of feature sets for raw sets, reduced sets and extended sets
respectively. These evaluation indexes include AUC scores between two consecutive cell-cycle
phases (denoted as G1-ES, ES-MS, MS-LS/G2 and LS/G2-G1) and LCS for measuring labels
change of consecutive cells on the entire reconstructed trajectory.
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Figure S2. Chromatin interaction maps binned at 500kb for Chr1:50-80M region across 12
different sub-cycles. The number on each map indicates the number of single cells in this sub-
cycle.
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Figure S3. The plot of differential loops across cell cycle phases. (A) Average Hi-C maps
around differential loops between two consecutive phases across cell cycle. These loops
appear in the first loop list, but not in the second loop list (e.g. appearing in ES, but not in G1
for ES\G1, The corresponding two maps are derived from contact maps of ES and G1 sub-
cycles, respectively). (B) Average Hi-C maps around differential loops between consecutive
phases against cell cycle.



equlation of nuclear divizion /Jce\l prolferation in forebrain

eeRepail (GG-NER)
statlishient ot organeile localization
y stablishimient of Syptc vesicle localization
egulation of cell eycle checkpaint
) raqulation of mitotic oell cycle spindle assembly

T eision checkpoint

organelie loealization
edate orlin synapse

ynaplic vesiole lacalization
vesidle localization

afmrcbtisatntic spindle checkpoint
(Oneurstransmitier metabalic nn of neu

Oreuratransmitier biosynihetic process

@Uieauiation of APCIG aclivators betwrean G5 and

carly anaphase Omammary gland formaten

(@rhaspholipid ranslocation  @ufile assembly

Qprospholipid-iransigkating ATPase activity Orequiation of smosth muscle cel differaniiation

@regulation of nuffle assembly, (DRegulation of mitotic cell cycle
»
Oipid wanslocation
Gagulamn o membrane ipid dsibuisn @ uffle erganization {DAPCIC mediated degradation of cell cycle proteins oblﬁ‘\ﬁ‘mg involved in prostate gland morphogenesis
regulation of cariilage de lion of lymphocyle edigtinian Regulation of TP53 Acivifff regulation of cult ar and threonine metabolism
@rea 0 deJapauiation of lymphocyte{ZJbteduyiin Oreg o ik
@reguiation of chondrocyte differentiation
@CNKSR2 SKDMBA
BKMT2D
SMCPHI oo
®XRCCS SCTCF
SI0GAPZ WUBTF @ATE1 @ZFP28 @REPS1 QFAM241A@TRPSIQGPCE @CHAC!
SRHOG QFOXN{ BATR oTYRP{ @SMAD3 ®CCDC198
! UL4A oRAPIA.  OCATD @ZNFATIBCHRM2 @SGCD  @NLK  ®HS3ST1 8FEMIB
exLc1 WPRLR @ZNF4a7 SHNF1A
® @SLC27A8 WpVRIC

~ RP.

OPIAST SkPT ﬁic“"“”‘.HSPAA bnoso A SBANPOLPARS
SRAD54L2 i escYLl

MOT, BGALKD

PR psnicy . @sTko4 D.stgﬂsg PIGK  @KIF14 @NLGN1@FGFR2 @BIRCS
‘COR&ZE .pug1 U ? » o
SCEPE3 @SLCOA0 ®ZETB18DLG2 @BMP4  SINCENP
SULK1
@SLC3GAL
BLAMTOR1
SPRKAG1

Protein-protein Interaction Enrichment Analysis
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Figure S4. (A) Functional enrichment analysis of genes relating to differential loops between
ES and G1. These loops are observed in ES phase, but not in G1 phase. (B) PPl network
enrichment analysis of human homologous gene set mapped from mouse genes relating to
differential loops between ES and G1. These two networks in (A) and (B) relate to Figure 4E.
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Figure S5. (A-B) tSNE map and reconstructed cell-cycle trajectory by CIRCLET from four
FACS-sorted cell phases (G1, S, G2/M) based on 959 cell-cycle annotated genes from a single-
cell RNA-seq dataset of 182 cells. (C) Comparison of four evaluation indexes for the
reconstructed cell-cycle trajectory by CIRCLET based on this single-cell RNA-seq dataset.
These scores consist of three AUC scores, LCS.



Supplementary Tables

Table S1. The number (#) of loops and their overlapping genes in different sub-stages.

Gl ES MS MS-G2 G2
#loops identified by HICCUPS [1] 3694 2361 1759 2007 2811
#genes overlapping with loops 4318 3292 2766 2918 3697

Table S2. The number (#) of TAD boundaries, TAD boundaries of high confidence, specific TAD
boundaries, specific TAD boundaries overlapping with background genes and overlapping
genes of specific TAD boundaries.

Gl ES MS MS-G2 G2
#TAD boundaries identified by 2923 2828 2892 2933 3008
insulation score script [2]
#TAD boundaries with the top 10% 842 1074 836 777 741
insulation scores for all cell-cycle
phases
#specific TAD boundaries across all 98 214 115 60 49
cell-cycle phases
#specific TAD boundaries overlapping 86 184 99 46 43
with gene set from gencode.vM9
#genes overlapping with specific TAD 215 511 236 119 116
boundaries

Table S3. The number (#) of differential loops and their overlapping genes between continuous
phases across cell cycle. These loops appear in the first loop list, but not in the second loop list
(e.g. appear in ES, but not in G1 for ES\G1).

ES\G1 MS\ES MS-G2\WMS G2\MS-G2

#differential loops between different phases 172 129 99 118

#gene associated with differential loops 349 301 218 231

Table S4. The number (#) of differential loops and their overlapping genes between adjacent
phases against cell cycle.

MS-G2\G2 MSWMS-G2 ESWMS G1\ES

#differential loops between different phases 67 79 233 363

#gene associated with differential loops 153 179 424 698




Table S5-S8. Enriched GO-terms of genes overlapping with differential loops between ES and
G1, MS and ES, MS-G2 and MS, G2 and MS-G2 respectively.

Table S9. Genes related to cell cycle progress and regulation from MGI database.

Table S10. Genes related to cell cycle checkpoint from MGI database.

Table S11. Multiple composite metrics (MCM) defined in [3].

Metrics Explanation

% near percentage of contacts in bins 38-89 out of all valid bins (38-89:
26.9kb-2233kb)

% mitotic percentage of contacts in bins 90-109 out of all valid bins (2435kb-
12633kb)

farAvgDist mean contact distance considering bins >= 98 (4870kb)

rawRepliScore

fraction of early-replicating fends out of all fends in the contact map

Trans contacts

percentage of contacts between different chromosomes

Trans_align

The authors extracted trans-chromosomal contacts and scaled the
coordinates of the contacting fends by the length of their respective
chromosomes. Alignment was then approximated using the Pearson
correlation between the two scaled fend coordinate vectors

cis_ab_compl/tra
ns_ab_comp

The compartment score of a cell is the depletion of A-B contacts over
the count expected by the marginal distribution of A or B contacts

mean_insu

Domain borders were called from the insulation profile of the pooled
map by identifying highly insulating regions between domains
(insulation above the 90% quintile) and selecting in each element the
1KB with highest insulation score. To calculate the cell mean
insulation over a set of borders (either all borders), the total number of
border violating contacts is compared to the total number of contacts
around the border

loop_enr_EE/
loop_enr_LL

Loop foci enrichment quantifies how concentrated contacts are around
a loop. We calculate the ratio between contacts in a small window
(20x20kb) centered on the loop and contacts in a larger window
(60x60kb), normalizing by the expected ratio if contacts were
uniformly distributed (1/9). To get a mean loop foci enrichment over a
group of loops, the sum of contacts in all small windows is compared
with the sum of contacts in the larger ones

Table S12. Important regulatory genes overlapping with differential loops across cell cycle

progression.

Table S13. Important regulatory genes overlapping with common and specific TAD boundaries
across cell cycle progression.
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