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Figure 2 – SisterC allows differentiation of inter-sister and intra-sister interactions in 
mitotic chromosomes. (a) Chromatin interaction distance-dependent decay shows uniform 
depletion of read pairs with + + and - - orientation in G1 synchronized yeast (loci separated 
by more than1500bp). (b) Mitotic SisterC libraries show an offset of inter-sister interactions 
up to 35kb genomic separation, with interactions between loci separated by less than 35 kb 
depleted compared to intra-sister interactions. (c) Model of tightly aligned sister chromatids 
(top panel) and loosely aligned sister chromatids (bottom panel). (d) Chromosome-wide 
SisterC interactions on chrXIII of all read pairs (left panel), all read pairs assigned as inter-
sister interactions (middle panel) and all read pairs assigned as intra-sister interactions (right 
panel), binned in 2kb bins. (e) SisterC interactions at 1kb resolution of all reads on zoomed 
in region of chrXIII:450,000-550,000 of all reads (left panel), inter-sister reads (middle panel) 
and intra-sister reads (right panel). Arrows highlight interaction of cohesin sites that are more 
prevalent as inter-sister interaction (black) or intra-sister interaction (green). Lower panels 
show Scc1 ChIP-seq track, a subunit of the cohesin complex. 
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However, zooming in to a smaller region on chromosome XIII, we observe features 
that appear stronger in either the inter-sister heatmap or the intra-sister heatmap 
(figure 2e). In the combined SisterC interaction map (the sum of inter- and intra-
sister interactions, figure 2e left panel), we observe dots that represent interactions 
between cohesin binding sites as detected by ChIP-seq22. When inter-sister or intra-
sister interactions are plotted separately, we observe that some of these interactions 
are more
prominent in the inter-sister dataset (black arrow, figure 2e), while others are more 
prominent in the intra-sister dataset (green arrow, figure 2e). This difference is 
further highlighted after correction for the distance dependent expected interaction 
frequency (supplemental figure 9). The finding that some of these interactions 
between cohesin binding sites are detected in both inter- and intra-sister datasets, 
albeit with different frequencies, could be related to the fact that Hoechst/UV depletion 
is not complete. Perhaps more interestingly, this could also be due to variability in the 
population in the positioning of inter- and intra-sister interactions. As any Hi-C library, 
SisterC detects interactions as a population average. The observation that cohesin 
binding sites pair in different frequencies as interactions between and along sister 
chromatids can be interpreted in this context. Where in one cell a given cohesin 
site interacts with a second cohesin site along the same chromatid to mediate 
an intra-sister interaction, in another cell this cohesin site interacts with the same 
second cohesin site but located on the other sister chromatid to form an inter-sister 
interaction. Figure 2e illustrates a second example of cell to cell variability: the inter-
sister interactions highlighted by the black arrow and the intra-sister interaction 
highlighted with the green arrow, are mediated by the same cohesin binding site at 
position chrXIII:469,450. One interpretation is that in one cell this site is involved in 
an inter-sister interaction where in another cell this site is mediating an intra-sister 
interaction. Interestingly, inter-sister interactions seem to occur at a shorter genomic 
distance than intra-sister interactions, as will be described in more detail below. 

Sister chromatid interactions at centromeres
We set out to explore SisterC data around centromeres as we expect 

enrichment of inter-sister interactions at these sites. Centromeres display very 
prominent binding of both condensin and cohesin, where they mediate inter-sister 
interactions and possibly intra-sister interactions7. When we aggregate all inter- 
and intra-sister interactions combined around all 16 centromeres (figure 3a), we 
observe a striking pattern. Regions directly adjacent on either side of the centromere 
interact frequently with sequences up to 10 to 15kb away from the centromere. 
When interactions between sisters and interactions along the sisters are plotted 
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separately (figure 3b-c), we find that inter-sister interactions contribute differently to 
the combined heatmap than intra-sister interactions do. First, intra-sister interactions 
are depleted in a 2kb window centered precisely at the centromere. Second, we 
observe that, compared to the genome wide average expected level, inter-sister 
interactions at centromeric regions are enriched up to 10kb away from the diagonal 
(figure 3b and 3d). Third, both intra- and inter-sister interactions contribute to the 
line-like features emanating from the centromere in the Hi-C maps. Line-like features 
in Hi-C maps have been interpreted as dynamic or variable loops with one fixed 
anchor and with the second anchor at various distances away23. In this instance the 
fixed inter-sister connection and intra-sister loop anchor is located directly adjacent 
to the centromere. This fixed site then is engaged in an inter-sister interaction with 
a site located on the other sister chromatid some variable distance away from the 
centromere but on the same chromosome arm. Similarly, within a sister chromatid 
the fixed loop anchor would engage with a second anchor at some variable distance. 
Averaged over 16 centromeres, lines appear, but at individual centromeres such 
intra-sister looping and inter-sister interactions at the same site can be observed as 
an enriched dot, an example is shown in supplemental figure 10. 

As described above, we observe that on average Pinter(s) is smaller than 
Pintra(s) for loci separated for up to 35kb, while they converge for loci separated by 
larger distances. When we plot these two parameters for interactions anchored at all 
centromeres (figure 3d, solid lines) and compare it to interactions along chromosome 
arms (figure 3d, dashed lines), we observe near identical interaction frequencies of 
inter- and intra-sister interactions at all distances. This indicates that at centromeres 
sister chromatids are very precisely aligned so that the two sister centromeres act as 
a single entity, while loci along arms sister loci are much more loosely aligned. This 
can be explained at least in part because cohesin binding sites are spaced more 
closely at centromeres than along arms: spacing between ChIP-seq cohesin peaks 
is about 5kb around centromeres but along arms the spacing is ~ 15kb. Second, the 
cohesin ChIP peaks at centromeres are much higher than along arms, indicating 
that many or most cells in the population will have cohesin bound to those sites, 
while along arms there may be more cell-to-cell variation in cohesin site occupancy. 
In summary, a the precise and close alignment at centromeres may be the result of 
closely spaced and frequently bound cohesin sites at centromeric regions during 
mitosis22,24. 

Combined these observations lead us to propose that around centromeres 
interactions between and along sister chromatids are organized differently from 
those along chromosome arms. We note that we cannot differentiate between a 
situation where extruding loops are actively formed by loop extruding factors such 



123

Detecting chromatin interactions along and between sister chromatids with SisterC

as extruding cohesin and condensin or if the observation of loops in peri-centromeric 
regions is a result of offset cohesive cohesin binding, which would passively expulse 
a loop on one sister chromatid (figure 3e, marked loops by asterisks). Both scenarios 
will be observed as line-like features in Hi-C heatmaps. 

Figure 3 – SisterC data show that centromeres are more precisely and closely aligned 
than loci along chromosome arms. (a-c) Pile up plot on all yeast centromeres at 1kb 
resolution of all interactions (a), inter-sister interactions (b) and intra-sister interactions (c). 
(d) Distance decay of interactions anchored on centromeres shows inter- and intra-sister 
interactions are very similar for all genomic distance, while interactions along the chromosome 
arms show reduced inter-sister interaction for loci separated by up to 35kb (dashed lines; 
dashed vertical line indicates the 35 kb offset). (e) Proposed model of centromeric sister 
chromatid conformation where closely spaced binding by cohesin and condensin molecules 
mediate tight and aligned interactions of the sister chromatids at the centromere. Away from 
the centromere a less dense array of interactions between cohesin sites result in an offset 
of inter-sister interactions. Note that loops could be formed actively by extruding cohesin or 
passively by loop expulsion (loops marked by asterisks). As centromeres function as a fixed 
loop anchor, intra-sister loops can only be formed emerging from one direction (see insert), 
as observed in a-c.  
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Inter-sister and intra-sister interactions along arms are mediated by 
independent cohesin complexes that act at different genomic distances

Cohesin mediated interactions along chromosome arms have been identified 
by Hi-C before7,25,26, however prior to SisterC it has not been possible to differentiate 
between interactions between and along sister chromatids. When we aggregate 
and plot all inter-sister interactions (figure 4a) and intra-sister interactions (figure 
4b) at and around individual cohesin sites (far left panels), we see that cohesin 
sites preferentially interact with sites located at least 5kb away on either side. 
Interestingly, visual inspection of these aggregate interaction maps reveals that inter-
sister interactions at these cohesin sites occur at shorter distances than intra-sister 
interactions. This becomes more evident when we calculate the difference between 
the two aggregate interaction maps (figure 4c). We observe in this difference plot an 
enrichment for inter-sister interactions over intra-sister interaction for cohesin sites 
separated by less than 20kb. Figure 4d illustrates this difference in another way by 
plotting the enrichment of inter and intra-sister signal over expected as a function 
of genomic distance from cohesin binding sites (figure 4d). Inter-sister interactions 
at cohesin sites preferentially occur at a distance up to 20kb, whereas intra-sister 
interactions become more abundant at distances larger than 20kb. This can also be 
seen at an individual cohesin site (supplemental figure 11). 

To explore and quantify these differences between inter-sister and intra-sister 
interactions in more detail, we analyzed pairwise cohesin-cohesin site interactions 
at different genomic distances. Interactions of cohesin sites within 10kb from each 
other are preferentially inter-sister interactions (figure 4a-c, second panel from left). 
This difference is also observed when cohesin sites are separated by 10-
20kb (figure 4a-c, middle panel). Interestingly, this preference switches for pairwise 
cohesin site interactions for sites separated by more than 20kb: for cohesin sites 
separated by 20 to 35kb we observe a slight preference for intra-sister interactions 
(figure 4a-c, second panel from right). This difference for intra-sister interactions 
becomes much more prominent for pairwise cohesin interactions for sites separated 
by 35 to 50kb (figure 4a-c, far right panel). Thus, cohesive cohesin enables 
interactions between sites at sister chromatids that are separated by 5 to 25kb, 
whereas extruding cohesin generates loops along sister chromatids that can be as 
large as 50kb.
	 Above we described that findings in the SisterC data suggest that a given 
cohesin binding site can be engaged in an inter-sister interaction in one cell and an 
intra-sister interaction in another cell. To investigate this further, we leveraged the 
fact that these two types of interactions occur at different length scales. Specifically, 
we ranked SisterC signal of pairs of cohesin binding sites at different distances on
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Figure 4 – SisterC shows that cohesive cohesin mediates interactions between sister 
chromatids at shorter genomic distances than loops formed within sister chromatids 
by extruding cohesin. (a-b) Aggregate pile up plot of inter-sister interactions (a), intra-sister 
interactions (b) and the difference between inter-sister and intra-sister interactions (c) of all 
cohesin sites (left panel), of all pairwise cohesin interactions for pairs separated by less than 
10kb (second to left panel), all pairwise interactions for sites separated by 10-20kb (middle 
panel), all pairwise interactions between cohesin sites separated by 20-35kb (second to right 
panel), and for cohesin sites separated by 35-50kb (far right panel). (d) Anchor plot of all 
cohesin binding sites show that inter-sister interactions are preferentially formed at distances 
shorter than 30kb, whereas intra-sister interactions at cohesin sites predominantly interact 
with sites further than 25kb away. (e) Proposed model of intra-sister interactions formed by 
extruding cohesin and inter-sister interactions formed by cohesive cohesin. Loops of different 
sizes are made within sisters by extruding cohesin with loop sizes ranging from 10-50 kb. 
Inter-sister interactions are mediated by cohesive cohesin, are spaced by ~35 kb apart, and 
occur between sites that can be off-set by 5-25 kb. 
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their intensity (supplemental figure 12). We identified 284 cohesin binding sites that 
are engaged in the strongest inter-sister interactions (top 10 percent) with other 
cohesin binding sites that are located 10 to 20kb away. When we explore intra-sister 
interactions for this set of cohesin binding sites, we observed that these cohesin 
binding site pairs also display enriched intra-sister interactions 10 to 20kb away, 
albeit at lower frequency compared to their inter-sister cohesin-cohesin binding 
site interactions (supplemental figure 12a-c). Similarly, we identified 284 cohesin 
binding sites that mediate the strongest intra-sister interactions between cohesin 
sites separated by 35 to 50kb. These cohesin-cohesin binding site pairs also show 
enriched in inter-sister interactions, although at a lower frequency compared to 
intra-sister interaction signal (supplemental figure 12d-f). This suggests that there 
are cohesin sites that mediate both strong intra-sister interaction and strong inter-
sister interactions. Further, we find an overlap of 65 cohesin binding sites) between 
cohesin binding sites that mediate strong inter-sister interactions with distal cohesin 
binding sites located at 10 to 20kb distance as well as strong intra-sister interactions 
with cohesin binding sites located at 35 to 50kb distance (supplemental figure 12g). 
This provides further support that a given cohesin binding site can engage in either 
inter-sister interactions or intra-sister interactions in different cells in the population. 

Discussion
Here we describe SisterC, a chromosome conformation capture technique 

that allows for detection of interactions between and along sister chromatids 
separately. SisterC leverages BrdU incorporation and single strand breaks induced 
by UV/Hoechst treatment, to assign Hi-C interactions as inter-sister or intra-sister 
interactions based on read orientation after sequencing. 

First, SisterC reveals the extent to which sister chromatids are aligned. At 
centromeres the alignment is rather precise, possibly as a result of high density 
of cohesin binding sites that are engaged in inter-sister interactions at centromeric 
regions in every cell. The alignment is more loose along chromosome arms with inter-
sister interactions spaced every 35kb on average. Analysis of cohesin binding sites in 
cell populations shows that cohesin binding sites occur every 10 to 15kb. Combined 
with our data, this observation suggests that not every cohesin site will be bound in 
every cell or not every cohesin site will be engaged in inter-sister interactions. The 
alignment of sisters observed here resembles the pairing of homologues observed in 
Drosophila27. In that study, a similar analysis and comparison of Pinter(s) and Pintra(s) 
was used to infer the extent of alignment of homologues and regional variation in 
the precision of alignment of chromosomes was observed along the length of the 
chromosomes. Although we see a clear difference in alignment between centromeric 
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regions and chromosome arms in mitotic yeast sister chromatids, we do not observe 
different degrees of alignment along chromosome arms.

Second, we observe that inter-sister interactions likely mediated by cohesive 
cohesin occur mostly between cohesin binding sites separated by less than 25kb. 
This distance is smaller than the distance between inter-sister interaction sites, 
which we estimated to occur every 35kb on average (see above). One explanation 
for this can be that inter-sister interactions get established during S-phase every 35 
kb or so and relatively close to the replication fork that generates the sister chromatid 
pair28–30. Possibly, inter-sister interactions are initially very precise, but can possibly 
move to the closest cohesin binding site at convergent gene pairs on both sister 
chromatids24,31,32, producing a spacing that can be up to 25kb. Along these lines, we 
explored whether this offset of inter-sister chromatid interactions would differ from 
genome-wide average at and around origins of replications. However, we find no 
clear differences in sister chromatid interactions along or between sister chromatids 
near origins of replication (supplemental figure 13). Interestingly, we do see a clear 
boundary at origins of replication in our control G1 Hi-C libraries (supplemental figure 
13d). 
	 Third, we observe that intra-sister interactions, possibly mediated by 
extruding cohesin, form larger loops ranging from 25 to 50kb. These cohesin-
mediated extruded loops are established during G2/M-phase7. Interestingly, previous 
polymer simulation showed that yeast Hi-C data from mitotic cells is consistent with 
the formation of dynamic loops of around 35kb in size, which cover about 35% of the 
genome7. This is in agreement with our SisterC observations. 
	 Cohesive cohesin and extruding cohesin are preferentially interacting at 
different genomic distances, mediate interactions independent from each other and 
are loaded and established in different phases in the cell cycle7,33. This leads us to 
propose that these cohesin complexes are distinct, possibly having different subunit 
compositions or modifications. For instance, cohesin can be bound by either Scc2/4 
or Pds534–36, leading to cohesin complexes with different properties. Further, the 
acetylation status of a cohesin complex mediated by Eco1 is particularly important 
for establishment of cohesion37,38. Where in yeast both inter-sister interactions and 
intra-sister interactions in mitosis are mediated by cohesin complexes, in vertebrates 
these are formed by two different protein complexes: cohesin establishes sister 
chromatid cohesion and condensin I and II mediate intra-sister looping formation to 
compact chromosomes7,39. Additionally, it is important to note that in yeast a given 
cohesin binding site can be involved in both an inter-sister interaction and an intra-
sister interaction, although most likely not occurring in the same cell at a given time. 
Due to a low cohesin binding density in yeast and absence of sequence specificity 
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of cohesin complexes, there will be large cell-to-cell variation in which cohesin sites 
will be bound by either cohesive or extruding cohesins. 

In the current SisterC procedure, selective depletion of DNA strands 
containing BrdU is not complete. Therefore, there is some level of cross contamination 
of inter- and intra-sister interactions. This level of contamination can be estimated 
by analyzing SisterC libraries of cells in G1-phase after one round of S-phase in the 
presence of BrdU. The reason why selective depletion is not complete is most likely 
related by the relatively low efficiency of DNA breakage after UV/Hoechst treatment. 
More efficient strand depletion using alternative approaches, such as enzymatic 
or chemical depletion of T-analogues, could result in more sensitive differentiation 
of inter-sister and intra-sister interactions. Importantly we did not identify particular 
types of molecules that are resistant to selective depletion. For instance, A-T 
content of the genomic site (supplemental figure 14a-b), distance from a digestion 
site (supplemental figure 14c-d) or regions near replication origins (supplemental 
figure 14e-f) do not affect assignment of interactions as being inter-sister or intra-
sister. BrdU incorporation as measured by HPLC is near to complete in the newly 
replicated strand. In order to achieve this in budding yeast, a mutant strain was used. 
However, we note that in order to apply SisterC in mammalian cell, no special cell 
lines are required as mammalian cell lines are able to take up and incorporate BrdU 
without experimental manipulations14,40, which makes application of SisterC to any 
mammalian cell type straightforward. Despite incomplete depletion of DNA strands 
containing BrdU, SisterC is able to identify interactions that are enriched in the inter-
sister dataset compared to the intra-sister dataset and vice versa. This allowed 
the detection of the two distinct roles of cohesin; cohesive cohesin and extruding 
cohesin. This independent behavior of cohesin complexes was also observed in 
mammalian cells by another novel Hi-C based technique that can distinguish 
interactions between and along sister chromatids, scsHi-C 41. 

SisterC allows the study of the significant topological challenge each cell 
faces during the cell cycle: the concordant chromosome compaction and sister 
chromatid separation during mitosis, particularly prophase. This process has been 
difficult to study by conventional Hi-C, because of its inability to distinguish between 
inter- and intra-sister interactions. We believe SisterC will have a broad applicability 
in different model organisms and during different phases of the cell cycle from late 
S-phase to mitosis. 
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Extended data figures

Extended Data Fig. 1 - Outline of SisterC yeast culture conditions and flow cytometry 
analysis. (a) Asynchronous yeast cultures are cultured and synchronized in late G1 using 
alpha factor. Cells are released in media containing BrdU or Thymidine, followed by an arrest 
in mitosis using nocodazole or G1 using a second alpha factor arrest. Cells are harvested and 
prepared for Hi-C or SisterC library production or processed for BrdU detection using HPLC. 
(b) Flow cytometry analysis of cell cycle profile and BrdU incorporation of harvested yeast 
cultures for preparation of SisterC libraries.

Extended Data Fig. 2 - Depletion of BrdU containing DNA molecules by PCR. DNA 
fragments were amplified in presence of 0%, 10%, 50%, 90% and 100% BrdU to allow for 
incorporation in both strands (first 5 lanes). This was followed by treatment of UV only (second 
5 lanes), Hoechst only (third 5 lanes) or treatment with both UV and Hoechst (last 5 lanes). 
Fragments containing more than 10% BrdU did not get amplified after UV/Hoechst treatment. 
This experiment was repeated twice with highly similar results.
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Extended Data Fig. 3 - Distance decay plots of all SisterC replicates. Distance decay 
plots of all SisterC mitotic libraries: DpnII replicate 1 (a), DpnII replicate 2 (b), DpnII replicate 
3 (c), and HindIII replicate 1 (d)
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Extended Data Fig. 4 - Distance decay plots of all SisterC control experiments. Distance 
decay plots of all SisterC control libraries: (a-b) G1 (a) and mitotic (b) arrested cells grown in 
BrdU and treated with UV/Hoechst. (c-d) G1 (c) and mitotic (d) arrested cells grown in BrdU, 
not treated with UV/Hoechst. (e-f) G1 (e) and mitotic (f) arrested cells grown in Thymidine, 
treated with UV/Hoechst. (g-h) G1 (g) and mitotic (h) arrested cells grown in Thymidine, not 
treated with UV/Hoechst. 
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Extended Data Fig. 5 - Observed/expected interaction heatmap of chrXIII:450,000–550,000. 
Log2 observed over expected interaction frequency on region ChrXIII:450,000–550,000 
(as shown in main Fig. 2) for all interactions (a) inter-sister interactions (b) and intra-sister 
interactions (c).

Extended Data Fig. 6 - Centromeric region of chrXII. (a-c) Interaction heatmaps of 50 kb 
window around the centromeric region of chrXII, for all interactions (a), inter-sister interactions 
(b) and intra-sister interactions (c). (d-f) Log2 observed over expected interaction heatmaps 
of all interactions (d), inter-sister interactions (e) and intra-sister interactions (f) on the 
centromeric region on chrXII. 
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Extended Data Fig. 7 - Anchor plot on ChrXIII:469000. Interaction frequency of inter-sister 
and intra-sister interactions anchored on chrXIII:469,000 shows higher frequency of inter-
sister interactions at 25 kb distance from the anchor (highlighted in green). Annotated below 
the plot are the positions of Scc1 peaks. Source data
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Extended Data Fig. 8 - Ranking of SisterC signal on pairs of cohesin binding sites at 
different genomic distances. (a, b) Inter-sister interaction (a) and intra-sister interaction (b) 
frequency of pairs of cohesin binding sites separated by 10 to 20 kb were ranked by inter-
sister interaction intensity for 10 kb window around the cohesin binding site. (c) Interaction pile 
up plots of inter-sister and intra-sister interactions of the top 10 percent sites that were ranked 
in (a). (d-e) Inter-sister interaction (d) and intra-sister interaction (e) frequency of pairs of 
cohesin binding sites separated by 35 to 50 kb were ranked by intra-sister interaction intensity 
for 10 kb window around the cohesin binding site. (f) Interaction pile up plots of inter-sister 
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and intra-sister interactions of the top 10 percent sites that were ranked in (e). (g) 284 cohesin 
sites that anchor the top 10% inter-sister interacting cohesin pairs at 10 to 20 kb distance were 
identified as well as again 284 cohesin sites that anchor the top 10% intra-sister interacting 
cohesin pairs at 35 to 50 kb distance. 65 cohesin sites are found to mediate both top 10% inter-
sister cohesin-cohesin interactions and top 10% intra-sister cohesin-cohesin interactions. 

Extended Data Fig. 9 - SisterC pile up plots of origins of replication. (a, b) Mitotic SisterC 
inter-sister interactions (a) and intra-sister interactions (b) plotted on replication origins. (c) 
Pile up plot of Hi-C data of G1 alpha arrested cells on replication origins. 
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Extended Data Fig. 10 - Efficiency of SisterC inter- and intra-sister interaction 
assignment. (a, b) Normalized frequency SisterC G1 (a) and mitotic (b) inter-sister and intra-
sister interactions as a function of AT percentage. (c, d) Normalized frequency SisterC G1 
(c) and mitotic (d) inter-sister and intra-sister interactions as a function of distance to DpnII 
digestion site. (e, f) Normalized frequency SisterC G1 (e) and mitotic (f) inter-sister and intra-
sister interactions as a function of distance to origins of replication.
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Supplemental figures and tables

Supplemental Figure S1 - FACS data of all SisterC experiments. Flow cytometry data 
detecting cell cycle profile and BrdU content of cultures grown for SisterC DpnII replicate 1 (a), 
SisterC DpnII replicate 2 (b), SisterC DpnII replicate 3 (c) and HindIII R1 (d).
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SSuupppplleemmeennttaall  FFiigguurree  SS11 - FACS data of all SisterC experiments. Flow cytometry data detecting cell cycle profile and 
BrdU content of cultures grown for SisterC DpnII replicate 1 (a), SisterC DpnII replicate 2 (b), SisterC DpnII replicate 
3 (c) and HindIII R1 (d).



138

Chapter 5

Supplemental Figure S2 - HPLC Nucleoside digestion data of all replicates. Stacked 
HPLC traces from 3 repeats of each SisterC library HindIII R1 (a), DpnII R2 (b) and DpnII R3 
(c).

10 20 30

Ab
so

rb
an

ce
 

Retention time (min)

DpnII R3 with BrdU

#1

#3

#2

10 20 30

Ab
so

rb
an

ce
 

Retention time (min)

HindIII R1 with BrdU

#1

#3

#2

10 20 30

Ab
so

rb
an

ce
 

Retention time (min)

DpnII R2 with BrdU

#1

#3

#2

a

b

c

SSuupppplleemmeennttaall  FFiigguurree  SS22  --  HPLC Nucleoside digestion data of all replicates. Stacked HPLC traces from 3 repeats 
of each SisterC library HindIII R1 (a), DpnII R2 (b) and DpnII R3 (c).
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Supplemental Figure S3 - Definitive assignment of nucleoside peaks. (a) HPLC trace 
showing peaks from a digested, BrdU containing sample of DNA; provided for reference of 
the peaks assigned in the following sections. (b-i) Mass spectrometry analysis of individual 
peaks shown in panel a. No diagnostic m/z peaks were found for the 14.4 minute peak, 
however RNA U doping (brown trace, panel j) was used to unambiguously assign this peak 
as RNA U. RNA A has the same chemical formula and mass as dG (218.1040 g/mol). Both 
the fragmentation pattern of the DNA G peak (panel e) and the RNA A doping experiment 
(magenta trace panel j) were used to confirm the assignment of the 23.2 minute peak as RNA 
A (panel g). (j) Stacked HPLC runs of digested, non-BrdU-treated control DNA doped with 
eachribonucleoside individually (2 uL of 5 mM solution of rU, rC, rA or rG was added to the 
digested DNA immediately before HPLC analysis).
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SSuupppplleemmeennttaall  FFiigguurree  SS33  --  Definitive assignment of nucleoside peaks. (a) HPLC trace showing peaks from a digested, BrdU containing 
sample of DNA; provided for reference of the peaks assigned in the following sections. (b-i) Mass spectrometry analysis of individual peaks 
shown in panel a. No diagnostic m/z peaks were found for the 14.4 minute peak, however RNA U doping (brown trace, panel j) was used to 
unambiguously assign this peak as RNA U. RNA A has the same chemical formula and mass as dG (218.1040 g/mol). Both the 
fragmentation pattern of the DNA G peak (panel e) and the RNA A doping experiment (magenta trace panel j) were used to confirm the 
assignment of the 23.2 minute peak as RNA A (panel g). (j) Stacked HPLC runs of digested, non-BrdU-treated control DNA doped with each 
ribonucleoside individually (2 uL of 5 mM solution of rU, rC, rA or rG was added to the digested DNA immediately before HPLC analysis).
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Supplemental Figure S4 - HPLC Nucleoside Digestion data at 260nm and 279nm. 
Overlaid HPLC traces at two different UV detector wavelengths from a single injection of a 
digested, BrdU-treated DNA sample. Blue trace shows absorption at 260nm and red trace at 
279nm. The max of BrdU is 279nm.
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SSuupppplleemmeennttaall  FFiigguurree  SS33  --  HPLC Nucleoside Digestion data at 260nm and 279nm. Overlaid HPLC traces at two 
different UV detector wavelengths from a single injection of a digested, BrdU-treated DNA sample. Blue trace 
shows absorption at 260nm and red trace at 279nm. The max of BrdU is 279nm.
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Supplemental Table S1 -  SisterC and Hi-C mapping statistics across all DpnII and HindIII 
experiments.
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Methods
Yeast synchronization and culture conditions
The YLV11 strain20 was used for all experiments in this study. For normal growth, 
cells were cultured in YP media with 2% galactose and 100mM thymidine at 30°C. 
Prior to synchronization, cultures were diluted to OD ~0.15 and allowed to double. 
To synchronize cells in late G1, 5 mM alpha factor mating pheromone (zymoresearch 
#Y1001) was added for 2.5-3 hours until cells started schmoo formation. SisterC 
DpnII R2 and R3 received a boost of 500uM thymidine or BrdU after 2 hours of 
alpha factor synchronization. G1 arrested cells were washed 3 times and released in 
prewarmed media containing 1mM BrdU or Thymidine. For mitotic arrested cells, 1% 
DMSO was added 15 minutes after release and 10mg/mLnocodazole was added 30 
minutes later. Mitotic cells were harvested approximately 4.5 hours after alpha factor 
release.  For G1 arrested cells, the culture was released for 2 hours, followed by a 
second alpha factor arrest for 3 hours. Cells were washed and pelleted for genomic 
DNA extraction for HPLC detection and stored at -80°C until further processing. 
For Hi-C and SisterC, cells were fixed with 3% formaldehyde for 20 minutes at 
30°C while in shaker incubator. Fixing was quenched by adding 2.5M glycine for an 
additional 5 minutes at 30°C. Cells were washed twice in MilliQ and pelleted cells 
were stored at -80°C till further processing. Throughout synchronization protocol, 
cells were washed and fixed in 95% ethanol for flow cytometry analysis. 

Flow cytometry 
Ethanol fixed cells were resuspended and washed with 50mM NaCitrate. After mild 
sonication, cell walls were degraded with 10 units of zymolyase in PBS for 30 min at 
30°C, followed by a lysis using 2M HCl and 0.5% Triton Tx-100 for 30 min at room 
temperature, followed by 30 min incubation at room temperature in 0.1M NaB4O7. 
Cells were then washed and resuspended in PBS, 1% milk, 0.2% Tween and 1:20 
anti-BrdU-FITC (ThermoFisher #11-5071-42) and incubated for 30 min at RT. Cells 
were again washed and resuspended in PBS, 1% milk, 0.2% Tween, 0.25mg/mL 
RNase A and 10mg/mL propidium iodide and incubated at 37°C for 30 min. Cells 
were washed and resonicated before flow cytometry detection using a MACSquant 
flow cytometer. Data was analyzed using FlowJo software. 

Amplification of DNA fragments containing after UV/Hoechst treatment 
DNA fragments (686 bp length) were amplified for 15 cycles using DreamTaq 

(ThermoFisher # EP1701) in presence of 100%, 90%, 50%, 10% or 0% BrdUTP, 
supplemented with dTTP. Amplified DNA fragments were incubated in TLE with 
100ng/uL Hoechst 33342 (ThermoFisher #H3570) for 15 min at room temperature 
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while protecting from light, followed by UV radiation at 2.7kJ/m2. Samples were 

washed 3 times in 30KDa amicon columns (MilliPore # UFC5030BK) and amplified 

with 10 PCR cycles. 

HPLC separation and LCMS analysis
Cells were harvested, pelleted and frozen at -80°C for HPLC analysis from 300mL 
yeast cultures at OD ~0.3 (approximately 600 million cells). Frozen cells were 
washed in 1mL spheroplasting buffer and lysed for 10 minutes at 35°C using 0.5% 

beta-mercaptoethanol and 10ug/mL zymolyase (Zymoresearch # E1005). Cells 

were washed in 1x NEBuffer 3.1 (NEB #B7203S) and incubated with proteinase 
K twice for 12 hours and an additional 2 hours at 65°C. DNA was extracted with 
phenol:chloroform, followed by ethanol precipitation and RNA digestion using RNase 
A. DNA samples were first washed with milliQ water using a 3 kDa cut-off Amicon 
filter. Digestion into nucleosides was carried out on 3 µg aliquots using ‘nucleoside 
digestion enzyme mix’ from New England Biolabs (NEB#M0649) and incubated 
overnight at 37°C. Once digested, aliquots from the same sample were pooled, 
filtered, and rinsed through a 3 kDa Amicon filter with milliQ water. The flow through 
was concentrated and quantified by A260 for subsequent HPLC injection. Digested 
deoxynucleosides were resolved using an Agilent 1260 Infinity HPLC with a Synergi 
C18 4-µm Fusion-RP 80Å 250 x 4.6 mm LC column. Nucleosides were resolved 
over 35 minutes using an isocratic gradient of 2-22% [95% acetonitrile, 5% 20 mM 
ammonium acetate pH 4.5] in [20 mM ammonium acetate] at 25°C, using a flow rate 
of 0.5 mL/min. This was followed by wash steps at higher eluent strengths between 
runs. Absorbance was recorded at 260 nm and 279 nm. Normal deoxynucleosides 
were quantitated using HPLC peak areas over three repeats, and published values for 
molar extinction coefficients at 260 nm [ɛ260 (M-1 cm-1) adenosine = 15400, cytidine 
= 7300, guanosine = 11700, thymidine = 880042. The molar extinction coefficients for 
bromodeoxyuridine at 260 and 279 nm were empirically measured and found to be 
9229 and 5003, respectively. For mass spectrometry analysis, deoxynucleosides 
were first resolved using the HPLC method above, and UV peaks were manually 
collected in separate vials. These were evaporated to dryness, resuspended in 50 
µL milliQ water, and desalted on the same HPLC column using an isocratic gradient 
of 0-40% [98% acetonitrile, 2% water] in [90% water, 10% acetonitrile] over 15 min 
at 25°C, using a flow rate of 1 mL/min. The desalted peak was collected, evaporated 
to dryness, then resuspended in 20 µL milliQ water and analysed by high resolution 
liquid chromatography mass spectrometry. Mass spectrometry was carried out in 
positive ESI mode on an Agilent 6530 Accurate-Mass Q-TOF LC/MS linked to a pre-
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injection Agilent 1260 infinity HPLC. Samples were run in milliQ water containing 0.1 
% formic acid. Mass spectrometry settings to detect nucleosides were as follows; 
gas temperature 350°C, nebulizer gas rate 45 psig, drying gas 10 L/min, VCap 4000 
V, fragmentor voltage 120 V, skimmer voltage 65 V. 5 mM stock solutions of RNA 
nucleosides A, U, C, and G (ChemGenes) were made up in milliQ water. HPLC 
injections of digested deoxynucleosides were doped with the addition of 2 µL of each 
of the RNA nucleosides. Nucleosides were resolved using the standard separation 
method above.

SisterC and Hi-C library preparation 
For each mitotic SisterC or Hi-C library approximately 300 million cells or 100mL 
culture at OD ~0.3 was used. For each G1 SisterC or Hi-C library this was double, 
approximately 600 million cells or 100mL culture at OD ~0.6. There were 3 biological 
replicates produced using DpnII as restriction enzyme and one replicate using HindIII. 
SisterC and Hi-C were performed according to previously published Hi-C protocol for 
yeast25, with several major modifications. Samples were split for Hi-C and SisterC 
library production before treatment with Hoechst/UV. Briefly, cells were fixed and 
stored as described above. Crosslinked cells were thawed, washed and resuspended 
in spheroplasting buffer (1M Sorbitol, 50mM Tris pH 7.5). Cells were lysed by addition 

of 0.5% beta-mercaptoethanol and 10ug/mL zymolyase (Zymoresearch # E1005) 

and incubated for 10 min at 35°C. Cells were washed twice with 1x NEBuffer 3.1 
(for DpnII libraries) or NEBuffer 2.1 (for HindIII libraries). Chromatin was solubilized 
with 0.1% SDS for 10 minutes at 65°C, followed by quenching with 1% Triton 
X-100. Chromatin was digested with 400U HindIII or DpnII overnight at 37°C. After 
inactivation of restriction enzyme for 20 min at 65°C, DNA ends were filled in with 
nucleotides and supplemented with biotin-14-dCTP (LifeTech #19518018) for HindIII 
libraries and biotin-14-dATP (LifeTech #19524016) for DpnII libraries for 4 hours at 
23°C. DNA fragments were ligated with T4 DNA ligase (LifeTech #15224090) for 
4 hours at 16°C in reactions of 75 µL each. All ligation reactions were combined 
and samples were treated with proteinase K overnight at 65°C. DNA was purified 
using 1:1 phenol:chloroform and ethanol precipitation. Samples treated with RNAse 
A and biotin from unligated ends were removed using T4 DNA polymerase. DNA was 
sonicated and size-selected using AMpure XP beads (Bedman coulter #A63881) to 
obtain fragments sized 600-800bp. We performed end repair and a-tailing prior to 
illumina TruSeq adapter ligation. Each sample was split in two to obtain one SisterC 
library treated with UV and Hoechst and one Hi-C library without treatment from the 
same biological sample. SisterC libraries were treated in two reaction volumes of 
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50uL each with 100ng/uL Hoechst 33342 (ThermoFisher #H3570) for 15 min at room 
temperature while protecting from light, followed by UV radiation at 2.7kJ/m2. Samples 

were washed with TLE 3 times in 30KDa amicon columns (MilliPore # UFC5030BK). 

Both SisterC and Hi-C libraries were then enriched for biotin-containing fragments 
by pull down with MyOne Streptavidin C1 beads (Life Tech #65-001). Libraries were 
amplified, cleaned from pcr primers and sequenced using paired end 50bp reads on 
an Illumina HiSeq4000 platform. All libraries within a set of replicates were amplified 
with the same number of PCR cycles. 

SisterC and Hi-C analysis
Hi-C and SisterC FASTQ sequencing files were mapped to saccer3 yeast reference 
genome using publicly available distiller-nf mapping pipeline (https://github.com/
mirnylab/distiller-nf) and downstream analysis tools pairtools (https://github.com/
mirnylab/pairtools) and cooltools (https://github.com/mirnylab/cooltools). Briefly, 
reads were mapped with bwa-mem, deduplicated and filtered for mapping quality, 
resulting in only “valid reads”. Reads were classified as inter-sister reads when one 
read end was mapped as + orientation and the other end as – read orientation. 
Reads were classified as intra-sister reads when both read ends mapped as + or – 
read orientation. For downstream analysis, interactions at a shorter distance than 
1500bp were removed. Interactions were binned at 1kb, 2kb and 10kb resolution 
using cooler43. Iterative balancing was applied to all matrices, individually for inter-
sister and intra-sister interactions, while ignoring two bins from the diagonal44. Hi-C 
and SisterC statistics for all samples are provided in supplemental table 1. 
	 Distance decays were plotted from valid pairs separated by read orientation 
were used to calculate contact frequency (P) as a function of genomic distance 
(s) using cooltools code. Pile up plots on genomic loci were produced using valid 
interactions binned at 1kb resolution separated for inter- or intra-sister interactions 
and contained only interactions at distances larger than 1500bp. Observed over 
expected values were calculated using expected files of matching conditions (e.g. 
expected file of inter-sister interactions of SisterC library for matching observed 
interactions of inter-sister interactions of SisterC library). Heatmaps were plotted 
using modified cooltools code. For centromere pile up plot, the directionality of the 
centromere DNA elements was taken into account. Anchor plots were plotted from 
valid interactions binned at 2kb resolution, which were separated for inter or intra-
sister interactions and contained only interactions at distances larger than 1500bp. 
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Publicly available datasets used in this manuscript
Scc1 calibrated ChIP-seq tracks from Hu et al22 were used for cohesin pile up 
SisterC heatmaps and ChIP-seq tracks in figure 1.  This dataset is available on GEO 
under accession number GSM1712309. Peaks were called on this dataset using 
MACS2. Pairwise cohesin interactions were compiled by listing all possible pairwise 
combinations of cohesin peak sites in cis, followed by separation on distance 
between cohesin pairs (smaller than 10kb, 10 to 20kb, 20 to 35kb and 35 to 50kb). 
Cohesin sites in a 50kb window around centromeres and on all of chrXII and chrIV 
were removed from the dataset. Additionally Hi-C samples from cdc45 mutant cells 
were used from Schalbetter et al 7 to investigate distance decay. This dataset is 
available on GEO under accession number GSM2327664. This data was processed 
identical to Hi-C libraries produced for this study. Sites of origin of replication were 
downloaded from OriDB (http://www.oridb.org/)45.

Code availability
Hi-C mapping pipeline distiller-nf is available on https://github.com/mirnylab/distiller-
nf. Downstream analysis tools pairtools and cooltools are available through https://
github.com/mirnylab/pairtools and https://github.com/mirnylab/cooltools. 

Data availability
All genomic data generated for this study are publicly available on the NCBI Gene 
Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/) under accession 
number GSE145695. 
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Abstract
We recently developed SisterC, a Hi-C technique which is able to differentiate 
3D interactions between and along sister chromatids by incorporating BrdU and 
inducing single strand nicks by UV/Hoechst treatment. Although this technique was 
developed in budding yeast, it is by definition applicable to any model system that 
can be synchronized and that can efficiently integrate BrdU during DNA replication. 
Here, we describe approaches to optimize SisterC efficiency to enable the study 
of sister chromatid organization in human cell lines. In vitro experiments suggest 
that both increased UV radiation and the use of Pfu polymerase for amplification 
improves the depletion of BrdU containing strands. However, when performing 
SisterC in budding yeast using these conditions, depletion efficiency is not improved. 
Additionally, we propose a synchronization protocol for the human cell line Hap1 
cdk1as that allows for the incorporation of BrdU during S-phase, the subsequent 
synchronization in G2 and mitosis, and release into G1 for control experiments. 
Using this protocol, we observe over 80% BrdU incorporation in the newly replicated 
strand measured by HPLC. This promises the successful application of the SisterC 
protocol to Hap1 cdk1as cells, and will allow the study the complex interplay of sister 
chromatid condensation and disentanglement as cells progress from S-phase to 
anaphase. 
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Introduction
During DNA replication in S-phase, sister chromatids are formed and interactions 
are established between the sisters and along the same sister chromatid. As the 
cell progresses through the cell cycle into mitosis, chromosomes face a complicated 
topological problem; sister chromatids need to be disentangled and condensed, 
while side-to-side alignment is maintained to enable processes such as DNA 
damage repair1–3. As sister chromatids have identical DNA sequences, inter-sister 
and intra-sister interactions cannot be distinguished in conventional genomics 
techniques such as Hi-C. Therefore, we developed SisterC as described in chapter 
5 of this thesis and published in Oomen et al4. Briefly, SisterC enables differentiation 
of interactions between and along sister chromatids based on strand orientation 
after mapping of the SisterC reads (in this thesis; chapter 5 - figure 1a-c). In order to 
perform SisterC, cells are first synchronized in G1 and then released into S phase in 
presence of BrdU, which will be incorporated in the newly replicated strands. Cells 
are then harvested in the cell cycle state of interest. This is followed by standard 
processing of cells for Hi-C, with the addition of UV/Hoechst treatment of the libraries 
before biotin pull-down. SisterC was established in budding yeast, using the mutant 
strain YLV-11 that can take up BrdU efficiently5. The small yeast genome allowed 
for optimization of the technique without requiring many sequence reads. We 
assessed the efficiency of BrdU depletion by quantifying inter-sister signals in G1-
synchronized cells, a phase in the cell cycle when there are no sister chromatids and 
therefore no inter-sister signal is expected. On average 20.7% of interactions within 
the same chromosome are misassigned as inter-sister interactions in G1 between 
the replicates in the original set of SisterC libraries. This suggests that ~70-80% of 
BrdU containing strands are successfully depleted in a SisterC experiment. Despite 
suboptimal depletion of BrdU containing strands, we were able to use SisterC to gain 
better understanding of the spatial organization of pairs of sister chromatids4. 
	 An alternative C-based technique to study sister chromatid organization, 
called scs-HiC, was developed by the Gerlich laboratory6. Scs-HiC uses the thymidine 
analogue 4sT to create T-to-C conversion after chemical treatment of the Hi-C library. 
Hi-C interactions between sister chromatids can then be assigned as inter-sister or 
intra-sister interactions after amplification and high-throughput sequencing based on 
the chemically induced SNPs. Scs-HiC was established in HeLa cells, showing that 
sister chromatid interactions can indeed be distinguished in mammalian cell lines. 
However, scs-HiC depends on a complicated toxic chemical reaction and requires 
many sequence reads to obtain proper signal, as 4sT incorporation efficiency is 
very low. Because of the need for a specialized chemical safety set up and the high 
experimental costs, it will be challenging for other laboratories to implement scs-HiC. 
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We set out to optimize the SisterC technique to obtain better depletion of 
BrdU-containing strands by UV/Hoechst treatment, which will enable the application 
of SisterC to mammalian cells. We explored the role of several factors in the original 
SisterC protocol: UV radiation intensity, the polymerase that is used for final library 
amplification, and denaturing of the SisterC library to single strands by heat before 
biotin pull down. Additionally, we show preliminary data on BrdU incorporation 
efficiency in the human cell line Hap1 cdk1as7. Sufficient BrdU incorporation will be 
essential to adapt SisterC to mammalian cells. We propose a protocol tailored to 
Hap1 cdk1as, which enables both efficient BrdU incorporation and allows for easy 
synchronization throughout the cell cycle. 

Results
SisterC protocol optimization 
We aimed to optimize the original SisterC technique at three specific steps in the 
protocol. First, we tested different UV radiation strengths. For the development of 
SisterC, we were inspired by the technique Strand-seq8. We therefore used 2.7kJ/
m2 UV for the initial SisterC protocol, as is standard for Strand-seq9–11. UV treatment 
combined with Hoechst incubation is essential to create single-strand nicks at BrdU 
sites, which will deplete BrdU-containing strands upon PCR amplification. However, 
high levels UV radiation will destroy any DNA molecule and will result in amplification 
errors. UV radiation strength should be titrated to only prevent amplification of BrdU-
containing strands. We tested a range of UV radiation strengths (No UV, 2.7kJ/m2, 
10kJ/m2, 20kJ/m2 and 40kJ/m2) on a DNA template which was amplified in presence 
of 0%, 10%, 50%, 90% and 100% BrdUTP. This creates DNA molecules with BrdU in 
both strands. We then treated the DNA with Hoechst and radiated with UV, followed 
by DNA clean up and amplification using 10 PCR cycles. As BrdU is present in both 
strands, UV/Hoechst treatment should not be able to amplify DNA fragments with 
high levels of BrdU. We found that 10kJ/m2 UV radiation improved BrdU-containing 
strand depletion efficiency compared to 2.7kJ/m2, (figure 1a). When higher levels of 
UV radiation were used, we found that strands withouth BrdU were also depleted, 
suggesting that DNA was too damaged to be amplified (data not shown).  
	 Second, we tested whether the choice of polymerase enzyme used to amplify 
the SisterC library effects BrdU depletion efficiency. We hypothesized different 
polymerases will be more or less successful in amplifying nicked DNA strands and 
will therefore have more or less misassigned sister chromatid interactions. In the 
original SisterC experiments, we used the Illumina TruSeq DNA nano kit for library 
preparation, which uses Q5 polymerase for final library amplification. In addition to 
Q5 polymerase we tested Pfu polymerase using the same in vitro DNA fragment 



155

SisterC 2.0: Optimizing SisterC for application in mammalian cells

assay as described above. Figure 1b shows that Pfu polymerase is more successful 
in discriminating against amplification of BrdU-containing strands, especially when 
radiated with 10kJ/m2 UV. 

Figure 1 – Approaches to optimize the SisterC protocol for more efficient BrdU depletion 
by UV/Hoechst treatment. (a-b) DNA gel image of fragments amplified in presence of 0%, 
10%, 50%, 90% and 100% BrdUTP (supplemented with dTTP). Samples were then treated 
with Hoechst and no radiation (first 5 lanes) or UV radiation at 2.7kJ/m2 (middle 5 lanes) or 
10kJ/m2 (last 5 lanes), followed by 10 PCR cycles amplification using Q5 polymerase (a) or 
Pfu polymerase (b). (c) Percentage inter-sister interactions in G1 and mitosis on chrXIII for 
original SisterC 1.0 replicates and the modified SisterC protocols using Pfu polymerase after 
UV radiation with 2.7kJ and 10kJ/m2, or denatured DNA (d) Distance decay of combined G1 
replicates of original published SisterC 1.0 protocol. (e) Distance decay of G1 SisterC libraries 
that were radiated with 2.7 kJ/m2 and amplified with Pfu polymerase. (f) Distance decay of G1 
SisterC libraries that were denatured by heat prior to biotin pull down.
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As these in vitro experiments using PCR-amplified DNA fragments suggested 
that the use of increased UV radiation and Pfu polymerase for library amplification 
could be promising to improve the SisterC protocol, we continued to perform SisterC 
in budding yeast using these optimized parameters. Unfortunately, SisterC libraries 
amplified using Pfu polymerase after radiation with 2.7kJ/m2 UV did not show 
improved depletion of BrdU containing strands (figure 1c and 1e and supplemental 
table 1). Additionally, increased UV radiation to 10kJ/m2 did not improve BrdU 
depletion either (figure 1c and supplemental table 1). Moreover, mapping statistics 
showed that SisterC libraries radiated with 10kJ/m2 UV contained less valid Hi-C 
interactions, suggesting that higher UV radiation damages the ligation products 
beyond creating BrdU single strand nicks (Supplemental table 1). 

In order to enrich a Hi-C or SisterC library for 3D interactions, we pull down 
on biotinylated nucleotides that label a ligation junction using streptavidin beads. 
As DNA molecules are double stranded when libraries are pulled down, strands 
will be in close proximity to their compliment strand on the streptavidin bead during 
amplification. This could potentially give rise to chimeric amplification products, which 
could occur when polymerase enzymes face nicks, as is the case for our SisterC 
libraries. When the polymerase is halted due to a Hoechst/UV-induced nick, while 
also in close proximity to the non-BrdU containing complementary strand, the nicked 
strand could be extended using the intact strand as complement. These chimeric 
amplification products will then become misassigned as inter-sister or intra-sister 
interactions. We hypothesized that G1 inter-sister interactions in the original SisterC 
dataset were due to chimeric amplification products. In order to prevent compliment 
strands being in close proximity to each other during amplification, we denatured 
SisterC and Hi-C budding yeast libraries prior to biotin pull-down by heating up 
the libraries for 15 minutes at 95°C. However, contrary to what we expected, this 
resulted in much less efficient BrdU depletion as G1 inter-sister signal increases to 
35.7% compared to 20.7% average across replicates in the initial SisterC dataset 
(figure 1c and compare figure 1d to 1f and supplemental table 1). 
	  
SisterC in mammalian cells

Although SisterC was originally developed and tested in budding yeast4, 
SisterC is in principle applicable to all systems that can be synchronized and 
incorporate BrdU. One system of particular interest to many researchers is cultured 
human cell lines. We set out to adapt the SisterC protocol for use in the cell line Hap1. 
In budding yeast, we were able to use alpha-factor arrest to synchronize cells in late 
G1-phase prior to BrdU incorporation. Unfortunately, this is not applicable to most 
mammalian cells. Traditional synchronization protocols often rely on synchronization 
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in S-phase by creating a nucleotide imbalance using thymidine12. However, adding 
thymidine prior BrdU incorporation – a thymidine analogue – would result in low 
incorporation efficiency. To enable easy synchronization, a mutant Hap1 cell line was 
created, in which endogenous Cdk1 has been replaced by an analogue-sensitive 
mutant cdk1as. When the ATP analogue 1-NM-PP1 is added to the media, Cdk1as 
will temporarily be disabled and cells become arrested in G2. When 1-NM-PP1 is 
washed out, cells are released from the G2-arrest and will synchronously enter 
prophase and progress through mitosis. This cell line design has previously been 
used in the chicken cell line DT407 and was successfully used to study chromosome 
conformation in chicken cells during the progression from G2-phase to prometaphase 
by Hi-C13. 

To synchronize a population of cells to study using SisterC, we first arrest 
Hap1 cdk1as cells in late G2 using 1-NM-PP1 (figure 2a). After a brief release to 
allow the cells to enter the subsequent cell cycle, BrdU is added to the media to 
enable strand specific labelling of the sister chromatids during S-phase. This is then 
followed by a second 1-NM-PP1 arrest in G2, from which cells can be synchronously 
released. Depending on which phase of the cell cycle the researcher wants to study 
using SisterC, cells can be harvested in G2, at different timepoints as the population 
progresses from G2 to mitosis, or in prometaphase using a nocodazole arrest (figure 
2a). Similarly to SisterC experiments in budding yeast4, it is advisable to collect a 
population of G1 cells after the S-phase during which BrdU was incorporated to 
measure misassigned ‘inter-sister’ interactions. This can be done by letting cells 
release from the 1-NM-PP1 arrest and progress though mitosis into the subsequent 
G1, possibly added by a block in G1 by cell cycle inhibitors such as palbociclib14. By 
performing both HPLC and SisterC on this G1 population, incorporation efficiency 
and the level of depletion of BrdU-containing strands after UV/Hoechst treatment 
can be assessed (figure 2a).  

Hap1 cells are very sensitive to addition of thymidine or thymidine analogues 
such as BrdU. When high concentrations of BrdU are added to the culture after 
release from the 1st 1-NM-PP1 arrest, Hap1 cdk1as cells will not progress through 
S-phase and many cells in the population will die (figure 2b). Cells most likely arrest 
due to a nucleotide imbalance15. However, this imbalance can be resolved by the 
addition of cytidine in equimolar concentration16, which both keeps cells healthier 
and allows for better incorporation of BrdU by Hap1 cdk1as cells, as shown by flow 
cytometry in figure 2c. 

We then continued to quantify the level of BrdU incorporation in Hap1 
cdk1as cells by HPLC (figure 2d-e). When we feed budding yeast strain YLV-11 1 
mM BrdU according to the published SisterC protocol4,17, we typically observe that 
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Figure 2 – Optimization of synchronization and BrdU incorporation by Hap1 Cdk1as 
cells. (a) Schematic overview of Hap1 Cdk1as synchronization protocol that enables BrdU 
incorporation during S-phase, followed by harvesting of SisterC/Hi-C and HPLC samples in 
G2, mitosis and subsequent G1-phase. (b-c) Flow cytometry data of cells synchronized in 
media supplemented with 0.25mM BrdU (b) and 0.25mM BrdU and 0.25mM Cytidine (c). 
(d) Nucleoside percentage in budding yeast genome SacCer3 and human genome hg38 
compared to nucleoside content measured by HPLC in budding yeast and Hap1 Cdk1as 
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cells when synchronized in media supplemented with BrdU at different concentrations. The 
percentages of each nucleoside are calculated using the corresponding extinction coefficient. 
(e) HPLC spectra measured at 260nm of digested gDNA isolated from Hap1 Cdk1as cells 
synchronized in media without nucleoside (top), 0.1 mM BrdU and Cytidine (second), 0.25 
mM BrdU and Cytidine (third) and 0.5 mM BrdU and Cytidine (bottom).  

90-95% of thymidine has been replaced by BrdU in the newly replicated strand. 
We tested BrdU incorporation by Hap1 cdk1as using above-described protocol at 3 
different concentrations of BrdU - 0.1 mM, 0.25 mM and 0.5 mM - supplemented with 
cytidine at equimolar concentrations. We observed that when adding 0.1 mM BrdU 
to Hap1 cdk1as cells, cells incorporate approximately 73.6% BrdU, whereas cells 
synchronized in presence of 0.25mM and 0.5mM BrdU incorporate 81.3 and 82.5% 
respectively. However, even with the addition of equimolar concentrations cytidine 
during synchronization, Hap1 cdk1as cells show an increased fraction of dead cells 
after addition of all concentrations of BrdU ranging from 20% up to 27%, as observed 
by trypan blue staining (supplemental table 2). As the incorporation efficiency does 
not improve dramatically between 0.25 mM and 0.5 mM, but the fraction dead cells is 
does increase at higher concentrations, we suggest using 0.25 mM BrdU to prepare 
Hap1 cdk1as cells for future SisterC experiments.    

Discussion
		  Here we describe strategies to adapt the SisterC protocol for use in 
mammalian cells, such as the human cell line Hap1 cdk1as. In the published SisterC 
protocol, we observed 20-22% inter-sister interactions in G14, a cell cycle phase 
when these interactions are not expected as sister chromatids are segregated into 
the two new daughter cells during the preceding mitosis. This suggests that in mitosis 
similar levels of inter-sister interactions are misassigned as intra-sister interactions 
and vice versa. We therefore set out to decrease the levels of wrongly assigned 
interactions in SisterC. Although in vitro tests using a DNA template containing BrdU 
suggested that using higher level of UV radiation and using Pfu polymerase could 
improve SisterC specificity, when these conditions were used to perform SisterC 
in budding yeast no improvement was observed. Similarly, we tested whether 
denaturing double stranded DNA into single stranded molecules prior to biotin pull-
down of SisterC interactions. Not only did this not decrease inter-sister interactions 
in G1, but it also resulted in low-quality SisterC libraries (figure 1 and supplemental 
table 1). Additionally, we set the first steps towards the application of SisterC in 
mammalian cells. We propose a synchronization protocol for Hap1 cdk1as cells, a 
human cell line that allows for easy synchronization in G2 and synchronous release 
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as the cells progress through mitosis. Supplementing BrdU and cytidine to the media 
during the synchronization protocol allows for optimal BrdU incorporation efficiency. 
HPLC measurements on DNA isolated from cells synchronized using this protocol 
estimate over 80% BrdU incorporation in the newly replicated strand (figure 2). This 
suggests that SisterC will be feasible in Hap1 cdk1as cells without much further 
optimization being necessary.
		  Although we did not find conditions that improve SisterC specificity, there are 
still several aspects of the protocol that could be worth pursuing to optimize depletion 
of BrdU containing strands. In the current SisterC protocol, fragments are sonicated 
to obtain 600-800bp size. This is larger than typically done for Hi-C libraries, for which 
the recommended fragment size is 150-300bp. The reasoning to maintain fragments 
at larger size, is to increase the chance of UV/Hoechst induced single strand nicks 
on both sides of the ligation junction, and therefore successful depletion of BrdU 
containing strands upon PCR amplification. However, using a longer fragment size 
comes with the risk that a small fraction of sequenced reads contains 3 or more 3D 
interactions instead of 2. As we use strand orientation of each end of the paired-
end sequence run to assign interactions as inter- or intra-sister interactions, this 
could lead to misassignment. However, if SisterC fragments contain more than 2 
interactions, it is also more likely that the sequenced ends of the reads are close to a 
DpnII restriction site. When we explored for the published SisterC data whether inter-
sister interactions in G1 libraries are more prone to map closer to DpnII restriction 
sites, we did not observe this (chapter 5 – extended data figure 10)4. Nonetheless, 
if further optimization of the current SisterC protocol is essential for adaptation in 
mammalian cell lines, exploring different fragment lengths of interactions could 
be an avenue worth pursuing. Along these lines, a recent publication showed that 
different digestion enzymes and crosslinkers can improve Hi-C library quality18. This 
could also be an improvement to the SisterC protocol. Although this experiment 
was not repeated, when SisterC was performed using the restriction enzyme HindIII 
instead of DpnII for initial digestion, the level of background inter-sister interactions 
in G1 was substantially higher (25%) than when using DpnII (20-22%)4. However, 
coincidentally the level of BrdU incorporation in these HindIII as measured by HPLC 
was lower for DpnII replicates (83% compared to 90-95%), which could also have 
caused an increased level of misassigned inter-sister interactions in G14.  
		   We were motivated to optimize the SisterC protocol as we hypothesized 
that mammalian cells would be much less successful at taking up and incorporating 
BrdU compared to the budding yeast strain YLV-11. However, HPLC data of Hap1 
cdk1as cells synchronized in presence of 0.25mM BrdU suggest that over 80% of 
the thymidine residues have been replaced by BrdU in the newly replicated strand. 
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This is much higher than we anticipated and relies on the addition of equimolar 
concentration of cytidine which allows Hap1 cells to tolerate high levels of BrdU. 
Moreover, the Hap1 cdk1as cell line allows for relatively easy synchronization in G2, 
which can be followed by a synchronous release as cells progress into mitosis. This 
will allow to gain a better understanding in the interplay of cohesins and condensins 
that mediate sister chromatid cohesion and loop formation in mammalian cells. 
SisterC opens doors to study the complicated topological problem cells face, when 
sister chromatids need to orchestrate both compaction and segregation to enable 
proper cell division.   
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Supplemental materials

Supplemental table 1 - Mapping statistics SisterC optimization libraries. Note that samples 
not radiated with UV for both Pfu amplified SisterC sets are identical. 
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Supplemental table 2 – Trypan blue staining to quantify % dead cells during Hap1 cdk1as 
synchronization for HPLC experiments. 

# cells harvested 
for HPLC

% dead cells by 
Trypan blue

No Nucleotide 4.23E+07 10
0.1mM BrdU 3.29E+07 20.5
0.25mM BrdU 3.28E+07 23
0.5mM BrdU 2.72E+07 27
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Methods
Amplification of DNA fragments to test UV and polymerase conditions 
DNA fragments (686bp) were amplified for 15 cycles using DreamTaq in presence 
of 0%, 10%, 50%, 90% or 100% BrdUTP supplemented with dTTP. Amplified 
fragments were incubated with 100ng/µL Hoechst 33342 in TLE for 15 minutes at 
room temperature while shielding from light. Samples were either not radiated or UV 
radiated at 2.7kJ/m2 or 10kJ/m2, followed by amicon clean up 3 times using 30kDa 

cutoff columns. Samples were amplified using Q5 polymerase (NEB # M0515S) or 
Pfu polymerase (Agilent #600674) for 10 cycles and run on 1.25% agarose ethidium 
bromide gels.  

Yeast culture conditions and synchronization
The yeast strain YLV115 was used for all budding yeast experiments in this study. 
Yeast was cultured in yeast peptone (YP) media supplemented with 2% galactose 
and 100µM thymidine at 30ºC. Synchronization and harvesting for SisterC and Hi-C 
was performed as described in Oomen et al4. Briefly, cells were synchronized in late 
G1 using alpha-factor, followed by a boost of either 500µM Thymidine or 500µM 
BrdU and release in respectively 1mM Thymidine or 1mM BrdU. Cells were arrested 
in mitosis using nocodazole or in the subsequent G1 using alpha-factor. Cells were 
fixed for Hi-C and SisterC using 3% formaldehyde and stored at -80ºC until further 
processing.

SisterC yeast
SisterC were performed as previously published4,17,19, with modifications to test 
SisterC parameters as described above. Briefly, crosslinked cells were washed in 
spheroplasting buffer and lysed using 0.5% beta-mercaptoethanol and zymolyase 
for 10 minutes at 35ºC. Cells were washed with 1x NEBuffer 3.1 and chromatin was 
solubilized using 0.1% SDS at 65ºC for 10 minutes, followed by quenching with 
1% Triton-X100. Chromatin was then digested overnight with 400U DpnII at 37ºC, 
followed by inactivation of the enzyme at 65ºC for 20 minutes. Digested restriction 
sites were filled in with nucleotides supplemented with Biotin-14-dATP for 4 hours 
at 23ºC. Samples were aliquoted in reactions of 75µL each in a 96-well pcr plate 
and ligated with T4 DNA ligase for 4 hours at 16ºC. After ligation, reactions of each 
sample were combined and treated with proteinase K at 65ºC for 2 hours, followed 
by another proteinase K dose with incubation overnight. DNA was purified using 
phenol:chloroform and ethanol precipitation. Samples were treated with RNase A 
and biotin from unligated ends were removed. DNA was sonicated and selected 
using AMpure beads to obtain average fragment size of 600-800bp. Samples were 
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split in two for the SisterC on denatured DNA and in 3 to test different UV radiation 
strengths. After DNA end repair and a-tailing, DNA was ligated to barcoded Illumina 
TruSeq adapters. SisterC samples were treated with 100ng/µL Hoechst 33324 and 
incubated for 15 minutes at room temperature while shielding from light. Samples 
where then radiated with 2.7kJ or 10kJ/m2 UV and washed 3 times in amicon 
columns. For the libraries that were denatured prior to pull down, samples were 
incubated at 95 ºC for 15 minutes, followed by 5 minutes on ice. All SisterC and Hi-C 
samples were then enriched for biotin-containing fragments by pull-down on MyOne 
streptavidin C1 beads. Libraries were amplified using the Illumina TruSeq master 
mix or Pfu polymerase (Agilent #600674) and TruSeq primer cocktail. All samples 
of the same set of SisterC libraries were amplified with the same number of PCR 
cycles, typically between 7-10 cycles. PCR primers were removed using AMpure 
beads and libraries were sequenced using 50bp paired-end reads on an HiSeq 4000 
system (Illumina).  

SisterC mapping and downstream analysis
SisterC data was mapped and processed as previously published4. FASTQ 
sequencing files were mapped to the budding yeast reference genome SacCer3 
using the publicly available mapping pipeline distiller-nf (https://github.com/mirnylab/
distiller-nf) and downstream analysis tools pairtools (https://github.com/mirnylab/
pairtools) and cooltools (https://github.com/mirnylab/cooltools). Interactions shorter 
than 1500bp were removed from downstream analysis. Reads with read orientation + 
- and - + were classified as intra-sister interactions, while reads with read orientation 
+ + and - - were classified as inter-sister interactions. 

Hap1 Cdk1as culture conditions and synchronization 
Hap1 Cdk1as cells were grown in IMDM supplemented with 10% FBS and1x pen/
strep (Gibco #P4333). To start synchronization, ~0.75 million cells were plated per 
10cm dish. After 24 hours, 1-NM-PP1 (1µM final concentration) was added to media 
for 16 hours to arrest cells in late G2-phase. Cells were realized from arrest by 
washing 2x with warm PBS and 1x media, followed by adding warm media for 2.5 
hours. BrdU or Thymidine with equimolar concentration Cytindine were added to 
the medium for another 2.5 hours. 1-NM-PP1 (1µM final concentration) was added 
to media for an additional 15 hours to block cells in the 2nd G2 arrest. Cells can 
then be released again by washing with warm PBS (2x) and media (1x). For mitotic 
arrest, cells were released from the 2nd 1-nm-pp1 arrest for ~30 minutes, followed 
by a nocodazole arrest (50ng/mL) for ~2 hours. Obtain cells arrested in G1, cells 
were released from 2nd 1-NM-PP1 arrest for ~2 hours, followed by at least 3 hours 



166

Chapter 6

incubation with Palbociclib.

Flow cytometry
Hap1 cells were fixed with 95% ethanol and stored at -20ºC until processed for 
flow cytometry. Cells were pelleted for 5 min at 500xg and washed three times in 
incubation buffer (PBS + 0.5% BSA). Cells were lysed by incubation with PBS + 
1.5M HCL for 30 minutes at room temperature, followed by 2 washes in incubation 
buffer. Samples were immunostained for BrdU in 95uL incubation buffer with 5uL 
anti-BrdU-FITC and incubated for 45min at room temperature while shielded from 
light. Cells were washed once with incubation buffer, followed by cell cyle staining in 
185µL PBS + 5µL RNase A + 10uL propidium iodide. Samples were incubated for at 
least 30min at room temperature (while shielding from light). Samples were diluted 
with PBS if necessary. BrdU and cell cycle data was collected using a MACSQuant 
flow cytometer and analyzed using FlowJo software. 

HPLC Hap1 cdk1as cells
3x15cm plates with Hap1 cdk1as cells were harvested by accutase after their second 
1-nm-pp1 arrest in G2, pelleted and washed with PBS. Cells were then resuspended 
in 1mL Hi-C lysis buffer for 5 minutes at RT. Cells were split in two tubes and washed 
in 1mL PBS each. 50uL proteinase K was added and incubated for 2 hours at 65ºC, 
followed by a second dose of 50uL proteinase K for overnight incubation at 65ºC. 
Each tube was split in 2x 2mL phase lock tubes and samples were cleaned up 
using double phenol chloroform, followed by ethanol precipitation. DNA pellets were 
resuspended in TLE and RNA was removed by RNase A treatment at 37ºC for 30 
minutes. Samples were cleaned up and washed using 3kDa amicon filter columns. 
DNA was prepared for HPLC as described in Oomen et al4. HPLC spectra were 
measured at 260 and 279nm. Nucleosides were quantified over three repeats and 
corrected using published values for molar extinction coefficients at 260 nm (A, T, C, 
G) and 279nm (BrdU). 

Code availability 
Hi-C mapping pipeline distiller-nf used to map SisterC data is publicly available 
at https://github.com/mirnylab/distiller-nf. Downstream analysis tool pairtools and 
cooltools are available at https://github.com/mirnylab/pairtools and https://github.
com/mirnylab/cooltools.    
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Overview of our findings
	 The scope of this thesis has been to study the characteristics of mitotic 
chromosomes. Although perhaps often perceived as condensed and transcriptionally 
static rod-shaped structures, further exploration unveiled a much more intricate and 
dynamic organization of mitotic chromosomes. In chapter 2 and 3, we describe 
that mitotic chromosomes maintain certain site-specific characteristics, although 
many interphase chromatin proteins lose binding during mitosis1. For example, 
many genomic sites such as promoters maintain chromatin accessibility, even when 
transcription is halted during mitosis2,3. Similarly, although CTCF binding itself is lost 
in mitosis in human differentiated cell lines, CTCF binding sites continue to be marked 
by histone modifications such as H3K4Me1 and H3K4Me3, and histone variant H2A.
z4. Along these lines, in chapter 4 we describe that chromatin characteristics in 
mitosis can be cell type specific as well as species specific. In contrast to somatic 
cell lines where CTCF binding is lost entirely, we find that 30-50% of CTCF remains 
bound in mitosis in mouse embryonic stem cells (mESCs). Additionally, when we 
investigated mitotic Hi-C data of mouse, chicken and human cell lines, we found 
that the size of mitotic loops can be highly variable between species. Furthermore, 
we found that the size of mitotic loops is correlated with the average arm length 
of the chromosomes. This suggests that dimensions of mitotic chromosomes can 
be adjusted as a result of loop length regulation. Lastly, in chapter 5 and 6, we 
investigated the interactions between and along sister chromatids with the novel Hi-C 
technique SisterC. This technique allows us to observe the interplay of dynamic loop 
extrusion along sister chromatids and the cohesive bonds between sister chromatids 
formed in mitotic budding yeast5. This process requires complex orchestration of 
extruding cohesin and cohesive cohesin to enable the proper formation of mitotic 
chromosomes, while simultaneously disentangling the sister chromatids. This 
process suggests that these mitotic interactions are not static structures but are 
constantly disassembled and assembled as the cell progresses through the phases 
of mitosis until the sister chromatids are finally separated in anaphase. 

Combining techniques to find new insights
Most observations described in this thesis were made using genomics 

techniques, such as Hi-C, Cut&Run and ATAC-seq. Although the rise of sequencing 
and genomics techniques in the past decades opened many doors to new approaches 
in chromosome biology, it is important to note that they should not be stand-alone 
techniques. It can be very informative to confirm observations made by genomics 
techniques using other techniques, for example by microscopy or biochemical 
approaches. Additionally, the genomics techniques that were used in this thesis 
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have several shortcomings. First, many genomics techniques such as ChIP-seq 
and Hi-C require cells to be fixed using formaldehyde6–8. As has been published 
for ChIP-seq and immunofluorescence microscopy, different fixation conditions 
can change observations that are made using these techniques9,10. It is therefore 
important to confirm findings with techniques that do not require fixed cells, as we 
did for our study to CTCF binding dynamics in mitosis as described in chapter 3 
and 4 using genomics techniques ATAC-seq11 and Cut&Run12, and live-cell imaging 
using super resolution microscopy4. Second and possibly more importantly, all 
genomics techniques used in this thesis research make observations of populations 
of thousands and even millions of cells. Therefore, cell-to-cell variability cannot be 
observed directly using these techniques. A less intense ATAC-seq peak or a weaker 
TAD boundary observed by Hi-C at a given CTCF site suggests that the CTCF site is 
occupied in only a fraction of cells within the population and remains unbound other 
cells, however this cannot be concluded with absolute certainty from population-
based genomics techniques. Furthermore, any genomics technique is by definition 
a single snapshot in time and does not allow to track the same cell over a longer 
period. 

In chapter 3, we use live-cell imaging to confirm our finding that CTCF binding 
is lost in mitosis in human somatic cell lines. Live-cell imaging, such as FRAP and 
single particle tracking, allowed us to follow cells over time and to directly observe 
the binding dynamics of CTCF in the cell4,13. This would not have been possible 
without the great improvement of microscopy resolution14 and the increased ease of 
making mutant cell lines with fluorescently labelled proteins after the development of 
CRISPR-Cas9 and other genome engineering tools15,16. Using fluorescently labelled 
CTCF, we were able to confirm our hypothesis that somatic cells lose CTCF binding 
to CTCF motifs specifically and the entire chromosome in general during mitosis. 
The finding that CTCF loses binding over the entire chromosome in mitosis could not 
have been made without the microscopy observations. 

In addition to imaging, observations made by Hi-C techniques can greatly 
benefit from modelling studies17. Approaching questions in DNA folding biology with 
the principles of polymer physics creates new ways to interpret large genome-wide 
Hi-C datasets. The work described in this thesis was heavily inspired by collaborative 
work between the Dekker and Mirny laboratories18,19. Combining polymer simulations 
and Hi-C data, these studies proposed that mitotic chromosomes are organized as 
helical loop arrays18. Similarly, polymer modelling following Hi-C data of mitotic yeast 
chromosomes had suggested that sister chromatids form loops with an average size 
of ~35kb20. However, as conventional Hi-C cannot differentiate interactions between 
and along sister chromatids, it was not possible to confirm this finding at the time. As 
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we describe in chapter 5 of this thesis, SisterC and its application to mitotic budding 
yeast allows to differentiate cohesive cohesin and loop forming extruding cohesin. Our 
SisterC observations confirm the predictions that were done by polymer simulations 
years prior to the development of SisterC5. Finally, in chapter 4 we describe the 
scenario where CTCF remains bound on mitotic chromosomes in mouse stem cells, 
although no TADs and CTCF-CTCF dependent loops are observed by Hi-C. This 
strongly suggests that vertebrate mitotic loop extruders condensin I and II are not 
blocked by CTCF, unlike their interphase counterpart cohesin. Although this is a 
new observation by Hi-C, polymer modeling studies had already suggested that it 
is unlikely that mitotic loop extruders are blocked site-specifically by a boundary 
element such as CTCF21,22. These examples illustrate the importance of collaboration 
and that by combining techniques new scientific insights can be acquired, which 
might not be accessible when limited by a certain technology alone.  

Function of mitotic bookmarks	
	 In chapter 3, we describe the maintenance of histone modifications 
H3K4Me1/3 and histone variant H2A.z at sites that lose CTCF binding sites during 
mitosis4. We hypothesize that these mitotic bookmarks help CTCF to regain binding 
upon mitotic exit and forming of interphase structures such as TADs and CTCF 
dependent loops. Similarly, mitotic maintenance of histone modification H3K9Me3 
has been proposed to aid in the re-binding of heterochromatin protein HP1 in the next 
G123. Although correlations of histone modifications and mitotically lost chromatin 
binding proteins have been observed, it is challenging to systematically prove that 
these histone modifications are indeed essential to restore binding of proteins such 
as CTCF or HP1 to the chromatin as cells enter G1. First, in order to study the 
functionality of mitotic bookmarks upon G1 entry by genomics techniques, highly 
synchronous release from prometaphase arrest is essential. Although recent reports 
make use of chemical inhibitors or sorting of cells by flow cytometry to obtain a time 
course of cells exiting mitosis24,25, it remains a big challenge to study cells as they 
transition from mitosis to G1. Second, studying the role of histone modifications 
and variants can be very complex, as these marks are known to be present at 
different regulatory regions throughout the genome. For example, H3K4Me1 not only 
marks CTCF sites, but has also been described to be present at enhancer sites26. 
Disrupting marks such as H3K4Me1 genome-wide, will not only remove the mitotic 
bookmarks at CTCF sites, but will also have a more dramatic effect on general 
chromatin characteristics, making it difficult to interpret the results. However, the 
fast development of CRISPR-cas9 technology also led to tools that can be used to 
locally modify epigenetic marks. By fusing dCas9 to either gene activating domains 
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(CRISPRa) or gene interference domains (CRISPRi), transcriptional activity of 
specific genomic regions can be modulated16. Although these are still a very 
challenging techniques and not yet possible at the timescale needed to study mitotic 
exit, the use of dCas9 guided histone modifying proteins might aid the study to the 
functionality of mitotic bookmarks at specific genomic locations in the near future27.   

Along these lines, we describe in chapter 4 that mouse embryonic stem cells 
maintain CTCF binding at 30-50% of CTCF sites during mitosis. Similar observations 
were made in mouse pluripotent cells28 and mouse progenitor cells25. However, we 
show using Hi-C that there are no remaining CTCF mediated loops or TAD boundaries 
in mitosis. As extruding cohesin is mostly dissociated from chromosomes by late 
prometaphase18,29, this results suggests that bound CTCF cannot block loop extrusion 
by condensin I or II. It is still unclear why partial binding of CTCF is maintained during 
mitosis and what the function of mitotically bound CTCF could be. We and others 
hypothesize that bookmarked CTCF sites can mediate transcription of genes in early 
G125,28. This could be studied by temporarily removing CTCF from the cell entirely, 
for example by using the auxin-based inducible degron (AID) system30 during mitotic 
exit followed by RNA-seq experiments to observe any changes in gene expression. 
However, as CTCF is an essential architectural protein31, it will be very difficult to 
separate the specific function of bookmarked CTCF on gene expression of early 
transcribing genes from the genome wide effects due to lack of TADs and loop 
formation as the cells progress into G1.  

Studying sister chromatid conformation
	 In chapter 5 we introduce our novel Hi-C technique, SisterC5. In addition to 
our technique, the Gerlich laboratory also released a new sister chromatid sensitive 
Hi-C technique called scs-HiC32. Scs-HiC is based on 4sT incorporation, followed by 
the chemical conversion of 4sT into C during regular Hi-C library preparation. Both 
SisterC and scs-HiC will open up the possibility to study sister chromatid organization 
from G2 cells up to sister separation in anaphase. However, in order to adapt and 
apply these techniques, several optimizations will be necessary. First, in the case 
of SisterC the depletion of BrdU-containing strands after UV/Hoechst in the SisterC 
protocol is not complete. We address this in chapter 6, although no improvement to 
the protocol was made as of now. In contrast to the SisterC protocol, scs-HiC does 
not require depletion of strands, but instead benefits from the chemical conversion 
of 4sT in the newly replicated strands. Although the differentiation of inter- and 
intra-sister interaction is more accurate as it relies on a positive read-out, it is very 
inefficient and therefore costly as it requires many sequencing reads. This highlights 
the importance of the second step that requires optimization for both SisterC and scs-



174

Chapter 7

HiC. In order for both SisterC and scs-HiC to work efficiently, cells need to efficiently 
incorporate thymidine analogues BrdU or 4sT. As we show in chapter 5 and 6, 
both yeast and mammalian cell line Hap1 incorporate BrdU at high efficiency when 
cultured in the right conditions. Contrary, 4sT is much less efficiently incorporated in 
mammalian cells32. This is most likely due to suboptimal uptake and phosphorylation 
of 4sT nucleoside prior to the incorporation during S-phase. It has been shown that 
4sTTP is readily incorporated by polymerases in vitro, suggesting that in vivo cells 
can indeed successfully incorporate 4sTTP as a thymidine analogue33. An approach 
to optimize 4sT incorporation is by the design of prodrugs, which can improve the 
uptake by the cell and circumvent the initial phosphorylation reaction by the cell that 
converts 4sT to 4sTMP33.  Furthermore, increased efficiency of 4sT incorporation 
will allow for the exploration of sister specific chromosome organization during 
S-phase, when sister chromatids are newly formed. As SisterC relies on efficient 
BrdU incorporation, followed by the depletion of the BrdU containing strands, this 
cannot be used to study S-phase, when only replicated regions will contain BrdU. In 
contrast, scs-HiC would be able to study sister chromatid interacions in replicated 
regions during S-phase, however the need to obtaining sufficient sequence depth 
makes this approach too costly due to low efficiency. 

Future applications of SisterC 
	 It will be very interesting to apply SisterC to mammalian cells. In chapter 
6 we suggest a protocol for synchronization and BrdU incorporation in the human 
cell line Hap1 which has modified cdk1as to allow for easy synchronization in G2. 
This will allow to study the orchestration of chromosome condensation and sister 
chromatid separation as cells progress from G2 to prometaphase. Additionally, it will 
be possible to study the role of proteins that are known to be essential in mitosis, 
in the context of sister chromatid organization. An example of such an essential 
mitotic protein is topoisomerase. Topoisomerase II is known to play an important 
role in sister chromatid separation34,35. For example, when topoisomerase II is 
chemically inhibited, an increased rate of sister chromatid exchanges (SCEs) and 
chromosomal aberrations can be observed, suggesting unresolved entanglement 
of sister chromatids during mitosis36,37. Although this function of topoisomerase II 
has been known for several years, SisterC will allow to detect the sister chromatid 
interactions and entanglements that eventually lead to increased SCEs in a more 
direct fashion. Similarly, it has been described that condensin aids the decatenation 
of sister chromatids by topoisomerase38. Studying these phenomena using SisterC 
after genetic manipulation or chemical disruption of proteins will help understand the 
complex interplay of condensation and segregation of sister chromatids in mitosis. 
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General discussion

	 Along these lines, as both described in chapter 55 and in the study by Mitter 
et al32, distinct cohesin complexes form both the cohesive bonds between sister 
chromatids and extruding loops along sister chromatids in mitotic yeast and G2 
mammalian cells. It has been proposed that these cohesin subunits can differ in 
subunit composition and posttranslational modifications. It is however still unknown 
how loop formation by extruding cohesin in G2 eventually is handed over to mitotic 
extruding factors condensin I and II in vertebrates18, while simultaneously maintaining 
the function of cohesive cohesin until anaphase. Adapting the SisterC protocol to 
vertebrate cell lines will be essential to study these phenomena and gain a better 
understanding of the distinct behavior of cohesins and condensins. 
	 Finally, in addition to mitosis, regulation of sister chromatid interactions 
and alignment are of great importance during meiosis as well. Similarly to mitosis, 
it has been proposed that there are distinct cohesin complexes that mediate the 
extruding loops and the bonds between sister chromatids in meiosis39,40. Although 
it can be challenging to study meiosis in mammalian systems, in particular using 
genomic approaches, this is much more feasible in budding yeast41. An additional 
challenge of studying chromosome folding in meiosis is that interactions not only 
occur between sister chromatids, but also between chromosome homologues39,41. In 
previous studies, it was shown that chromosome homologues can be distinguished 
in Hi-C data by crossing genetic distinct strains, which allows to separate Hi-C reads 
from maternal or paternal alleles based on their unique SNPs42,43.  Although this data 
will be highly complex to interpret, it will be very informative to observe chromosome 
organization in meiotic cells using sister chromatid sensitive Hi-C techniques such 
as scs-HiC and sisterC. 

Concluding remarks
Although chromosomes seem to have very unique characteristics and organization 
in mitosis, we can use this phase of the cell cycle to gain knowledge about the 
role of chromatin marks in cell type identity. As chromosomes undergo dramatic 
conformational and epigenetic changes in mitosis, bookmarks remain on the 
chromatin, which aids quick reestablishment of a functional interphase nucleus. In 
the coming years, it will be interesting to learn which mitotic bookmarks are essential 
for the cell and how exactly these bookmarks mediate rebinding of chromatin 
proteins and refolding of interphase chromosome organization upon mitotic exit. 
Additionally, the challenges chromosomes face as they disentangle in preparation of 
sister chromatid separation in anaphase will help us understand similar topological 
stresses chromosomes are exposes to throughout the cell cycle, for example during 
transcription or DNA repair. Combined, this will bring better understanding on the 
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importance of epigenetic marks and chromatin regulating proteins, and how they 
influence cell characteristics, not just throughout the cell cycle, but also between 
different cell types and cell states in general. 

References
1.	 Oomen, M. E. & Dekker, J. Epigenetic characteristics of the mitotic 

chromosome in 1D and 3D. Crit. Rev. Biochem. Mol. Biol. 0, 1–20 (2017).
2.	 Martinez-Balbas, M. A., Dey, A., Rabindran, S. K., Ozato, K. & Wu, C. 

Displacement of sequence-specific transcription factors from mitotic 
chromatin. Cell 83, 29–38 (1995).

3.	 Hsiung, C. C. et al. Genome accessibility is widely preserved and locally 
modulated during mitosis. 1–29 (2015). doi:10.1101/gr.180646.114

4.	 Oomen, M. E., Hansen, A. S., Liu, Y., Darzacq, X. & Dekker, J. CTCF sites 
display cell cycle–dependent dynamics in factor binding and nucleosome 
positioning. Genome Res. 1–14 (2019). doi:10.1101/gr.241547.118.

5.	 Oomen, M., Hedger, A., Watts, J. & Dekker, J. Detecting chromatin interactions 
along and between sister chromatids with SisterC. Nat. Methods (2020). 
doi:10.1101/2020.03.10.986208

6.	 Belaghzal, H., Dekker, J. & Gibcus, J. H. Hi-C 2.0: An optimized Hi-C procedure 
for high-resolution genome-wide mapping of chromosome conformation. 
Methods 123, 56–65 (2017).

7.	 Oksuz, B. A., Yang, L., Abraham, S., Venev, S. V & Krietenstein, N. Systematic 
evaluation of chromosome conformation capture assays. 0–42 (2020).

8.	 Lieberman-Aiden, E. et al. Comprehensive mapping of long-range interactions 
reveals folding principles of the human genome. Science 326, 289–93 (2009).

9.	 Teves, S. S. et al. A Dynamic Mode of Mitotic Bookmarking by Transcription 
Factors. Elife 066464 (2016). doi:10.1101/066464

10.	 Festuccia, N. et al. Transcription factor activity and nucleosome organization 
in mitosis. Genome Res. 29, 250–260 (2019).

11.	 Buenrostro, J. D., Giresi, P. G., Zaba, L. C., Chang, H. Y. & Greenleaf, W. J. 
Transposition of native chromatin for fast and sensitive epigenomic profiling 
of open chromatin, DNA-binding proteins and nucleosome position. Nat. 
Methods 10, 1213–8 (2013).

12.	 Skene, P. J. & Henikoff, S. An efficient targeted nuclease strategy for high-
resolution mapping of DNA binding sites. Elife 1–35 (2017). doi:10.1101/097188

13.	 Hansen, A. S. et al. Robust model-based analysis of single-particle tracking 
experiments with Spot-On. Elife 7, 1–33 (2018).

14.	 Schermelleh, L. et al. Super-resolution microscopy demystified. Nat. Cell 
Biol. 21, 72–84 (2019).

15.	 Doudna, J. A. & Charpentier, E. The new frontier of genome engineering with 
CRISPR-Cas9. Science (80-. ). 346, (2014).

16.	 Wang, F. & Qi, L. S. Applications of CRISPR Genome Engineering in Cell 
Biology. Trends Cell Biol. 26, 875–888 (2016).

17.	 Dekker, J., Marti-Renom, M. a & Mirny, L. a. Exploring the three-dimensional 
organization of genomes: interpreting chromatin interaction data. Nat. Rev. 



177

General discussion

Genet. 14, 390–403 (2013).
18.	 Gibcus, J. H. et al. A pathway for mitotic chromosome formation. Science (80-

. ). 359, eaao6135 (2018).
19.	 Naumova, N. et al. Organization of the mitotic chromosome. Science 342, 

948–53 (2013).
20.	 Schalbetter, S. A. et al. SMC complexes differentially compact mitotic 

chromosomes according to genomic context. Nat. Cell Biol. 19, 1071–1080 
(2017).

21.	 Fudenberg, G. et al. Formation of Chromosomal Domains by Loop Extrusion. 
Cell Rep. 1–12 (2016). doi:10.1101/024620

22.	 Fudenberg, G., Abdennur, N., Imakaev, M., Goloborodko, A. & Mirny, L. A. 
Emerging Evidence of Chromosome Folding by Loop Extrusion. Cold Spring 
Harb. Symp. Quant. Biol. LXXXII, 034710 (2018).

23.	 Hirota, T., Lipp, J. J., Toh, B.-H. & Peters, J.-M. Histone H3 serine 10 
phosphorylation by Aurora B causes HP1 dissociation from heterochromatin. 
Nature 438, 1176–80 (2005).

24.	 Abramo, K. et al. A chromosome folding intermediate at the condensin-to-
cohesin transition during telophase. Nat. Cell Biol. 21, 1393–1402 (2019).

25.	 Zhang, H. et al. Chromatin structure dynamics during the mitosis-to-G1 phase 
transition. Nature 576, 158–162 (2019).

26.	 Local, A. et al. Identification of H3K4me1-associated proteins at mammalian 
enhancers. Nat. Genet. 50, 73–82 (2018).

27.	 Thakore, P. I. et al. Highly specific epigenome editing by CRISPR-Cas9 
repressors for silencing of distal regulatory elements. Nat. Methods 12, 
1143–1149 (2015).

28.	 Pelham-Webb, B. et al. Mitotic retention of H3K27 acetylation promotes 
rapid topological and transcriptional resetting of stem cell-related genes and 
enhancers upon G1 entry. bioRxiv (2020). doi:10.1101/2020.06.02.130104

29.	 Ohta, S. et al. The Protein Composition of Mitotic Chromosomes Determined 
Using Multiclassifier Combinatorial Proteomics. Cell 142, 810–821 (2010).

30.	 Nishimura, K., Fukagawa, T., Takisawa, H., Kakimoto, T. & Kanemaki, M. An 
auxin-based degron system for the rapid depletion of proteins in nonplant 
cells. Nat. Methods 6, 917–922 (2009).

31.	 Nora, E. P. et al. Targeted Degradation of CTCF Decouples Local Insulation 
of Chromosome Domains from Genomic Compartmentalization. Cell 169, 
930-944.e22 (2017).

32.	 Mitter, M. et al. Conformation of sister chromatids in the replicated human 
genome. Nature 586, 139–144 (2020).

33.	 Hedger, A. K. et al. Progress toward an amplifiable metabolic label for 
DNA: Conversion of 4-thiothymidine (4sT) to 5-methyl-2′-deoxycytidine and 
synthesis of a 4sT phosphorodiamidate prodrug. Can. J. Chem. 96, 636–645 
(2018).

34.	 Vagnarelli, P. Mitotic chromosome condensation in vertebrates. Exp. Cell 
Res. 318, 1435–1441 (2012).

35.	 Bar-Ziv, R., Voichek, Y. & Barkai, N. Chromatin dynamics during DNA 
replication. Genome Res. gr.201244.115- (2016). doi:10.1101/gr.201244.115

36.	 Cortés, F., Piñero, J. & Ortiz, T. Importance of replication fork progression 



178

Chapter 7

for the induction of chromosome damage and SCE by inhibitors of DNA 
topoisomerases. Mutat. Res. Lett. 303, 71–76 (1993).

37.	 Dillehay, L. E., Jacobson-Kram, D. & Williams, J. R. DNA topoisomerases 
and models of sister-chromatid exchange. Mutat. Res. - Fundam. Mol. Mech. 
Mutagen. 215, 15–23 (1989).

38.	 Charbin, A., Bouchoux, C. & Uhlmann, F. Condensin aids sister chromatid 
decatenation by topoisomerase II. Nucleic Acids Res. 42, 340–348 (2014).

39.	 Silva, M. C. C. et al. Wapl releases Scc1-cohesin and regulates chromosome 
structure and segregation in mouse oocytes. J. Cell Biol. 219, (2020).

40.	 Gassler, J. et al. A mechanism of cohesin-dependent loop extrusion organizes 
zygotic genome architecture. EMBO J. 36, 3600–3618 (2017).

41.	 Schalbetter, S. A., Neale, M. J., Fudenberg, G., Baxter, J. & Pollard, K. S. 
Principles of meiotic chromosome assembly revealed in S . cerevisiae. Nat. 
Commun. 1–12 (2019). doi:10.1038/s41467-019-12629-0

42.	 AlHaj Abed, J. et al. Highly structured homolog pairing reflects functional 
organization of the Drosophila genome. Nat. Commun. 10, 1–14 (2019).

43.	 Giorgetti, L. et al. Structural organization of the inactive X chromosome in the 
mouse. Nature 535, 575–579 (2016).



Addendum	

Summary
Nederlandse samenvatting 
Abbreviations
Curriculum Vitae
List of Publications
PhD portfolio
Acknowledgements



180

Summary

Chromosomes are the structural units that contain the information of our genome. 
Therefore, chromosome folding is tightly modulated in order to enable transcriptional 
regulation, protection from DNA damage and maintenance of epigenetic 
characteristics. Seemingly counterintuitive, chromosomes undergo dramatic 
conformational changes as cells progress through the cell cycle. After DNA replication, 
sister chromatids need to detangle and ultimately condense in order to enable proper 
separation into the two new daughter cells in mitosis. Even more striking, iconic 
interphase structures such as TADs and compartments are dissolved in mitosis 
and mitotic chromosomes are organized in a helical loop array mediated by loop 
extruding machineries. However, mitotic bookmarks such as histone modifications, 
histone variants and even certain chromatin binding factors are maintained, which 
could enable the fast reestablishment of the interphase chromosome organization 
upon mitotic exit. 

The scope of this thesis has been to explore the characteristics of mitotic 
chromosomes. On a small scale, we have studied the binding dynamics of CTCF, 
a key architectural protein in interphase chromosomes, and the mitotic bookmarks 
around CTCF binding sites in differentiated cells and stem cells. On a larger genomic 
scale, we observed interactions between and along sister chromatids in budding 
yeast, for which we developed a novel Hi-C technique, SisterC. 

Chapter 1 presents a general introduction to this thesis and the scientific context 
in which this research has been conducted. Additionally, it sets out the scope of the 
thesis and its individual chapters. 

Chapter 2 gives a literature overview of relevant work at the start of this PhD 
research. We describe the epigenetic characteristics of mitotic chromosomes. As 
cells progress into mitosis, transcription stalls, many chromatin factors lose binding 
and chromosome conformation rearranges into a randomly positioned array of loops. 
However, chromosomes can reestablish their interphase identity upon mitotic exit 
very rapidly. In this chapter we explore different ways cells maintain their epigenetic 
memory during mitosis by bookmarks such as histone modifications and variants, 
chromatin binding factors, histone remodelers and non-coding RNA. 

In chapter 3 we describe our study to the binding dynamics of CTCF in differentiated 
cell lines during mitosis using 4 different experimental approaches. First, using 5C 
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we observe that TADs and CTCF mediated loops are absent in mitotic cells. Next, 
we show loss of chromatin accessibility and binding footprint at CTCF motifs using 
ATAC-seq. We confirm loss of CTCF binding in a more direct fashion by performing 
Cut&Run. Although CTCF binding is lost in mitosis, we find that histone modifications 
such as H3K4me1/3 and histone variant H2A.z are maintained. Lastly, we confirm 
our genomics observations using live-cell imaging. FRAP and single-particle tracking 
show that CTCF chromatin binding is lost in prometaphase. 

Chapter 4 dives deeper into the characteristics of mitotic chromosomes and the 
differences between stem cells and differentated cells and between species. By 
reanalyzing previously published ATAC-seq data, we find that mouse stem cells can 
maintain partial CTCF binding in mitosis. However, no TADs and CTCF meditated 
loops can be observed by Hi-C, both at individual genomic locations and by aggregating 
Hi-C signal of many loci as pile ups plots. This suggests that eventhough a fraction 
of the CTCF sites maintain binding, mitotic loop extrusion by condensin I and II 
cannot be blocked by CTCF. Additionally, when investigating mitotic chromosomes in 
mouse, human and chicken Hi-C data, we find that the average size of mitotic loops 
can differ between species. This is correlated with the average length of the q-arm of 
the chromosomes in these species. We interpret this result such that when a species 
has longer chromosome arms, the level of condensation is greater, which could aid 
the proper seperation of sister chromatids in mitosis. 

In chapter 5 we introduce a novel Hi-C method called SisterC. By conventional Hi-
C, it is impossible to differentiate whether interactions between the same genomic 
locations occur within the same sister chromatid or between sister chromatids. 
SisterC uses BrdU incorporation followed by UV/Hoechst treatment to introduce 
single strand nicks, which allows to separate inter-sister and intra-sister interactions 
based on read orientation after sequencing and mapping of reads. We apply this 
technique to budding yeast synchronized in mitosis. Both inter-sister connections 
and intra-sister loops are mediated by cohesin in yeast. We find that sister chromatids 
are not perfectly alligned in mitotic yeast chromosomes. SisterC observes that along 
the chromosome arms, cohesin mediates a bond between the two sister chromatids 
every 35kb on average. Additionally extruding cohesin forms loops along sister 
chromatids up to 50kb size. We find that these loops are not necessarily positioned 
at the same genomic location on both sister chromatids. This creates an offset of 
5-25kb at the positions where cohesive cohesin mediates the interactions between 
the two sister chromatids. 
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In the current SisterC protocol, the depletion of strands containing BrdU is sufficient, 
but not complete. Chapter 6 describes different ways our SisterC protocol can 
be improved. Futhermore, we adapt the SisterC protocol to allow for usuage in 
mammalian cell line Hap1 cdk1as. We test a synchronization protocol for Hap1 
cdk1as cells, which enables efficient BrdU incorporation during S-phase, as well as 
synchronization in G2-phase, mitosis and the subsequent G1. Using this protocol, 
we find over 80% BrdU incorporation by HPLC, which promises the succesful 
adaptations of SisterC in mammalian cells.   

Finally, Chapter 7 places our results in context of the latest developments in the field 
of epigenetic characteristics of mitotic chromosomes. Future directions and novel 
research paths are discussed that can contribute to a better understanding of mitotic 
bookmarking and the conformational changes which mitotic chromosomes undergo.  
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Samenvatting

Chromosomen zijn de structurele eenheden die onze genomen bevatten. Het proces 
van chromosoomvouwing wordt derhalve nauwlettend gemoduleerd om de regulatie 
van transcriptie, bescherming tegen DNA-schade en het behoud van epigenetische 
kenmerken mogelijk te maken. Ogenschijnlijk tegenstrijdig hieraan ondergaan 
chromosomen dramatische conformatieveranderingen tijdens de celcyclus. Nadat 
het DNA gerepliceerd is moeten de twee kopieën (de zusterchromatiden) ontward 
worden en uiteindelijk condenseren om een goede splitsing naar de twee nieuwe 
dochtercellen tijdens de mitose mogelijk te maken. Opvallend is dat typische 
interfasestructuren zoals TADs en compartimenten verdwijnen tijdens mitose, en 
dat chromosomen worden gereorganiseerd in een spiraalvormige reeks van lussen 
die wordt gemedieerd door lusvormende machines. Mitotische markeringen zoals 
histonmodificaties, histonvarianten en zelfs bepaalde chromatinebindende factoren 
blijven echter behouden, wat mogelijk een rol speelt in het snelle herstel van de 
organisatie van interfasechromosomen na mitose.
	 Het doel van dit proefschrift was om de kenmerken van mitotische chromosomen 
te onderzoeken. Op een gedetailleerd niveau hebben wij de bindingsdynamiek van 
CTCF, een belangrijk architecturaal eiwit in interfasechromosomen, bestudeerd. 
Daarnaast onderzochten we de mitotische markeringen rond CTCF-bindingsplaatsen 
in zowel gedifferentieerde cellen als stamcellen. Op hoger genomisch niveau hebben 
we interacties waargenomen tussen en binnen zusterchromatiden in gistcellen. 
Hiervoor ontwikkelden we een nieuwe Hi-C-techniek: SisterC.
	
Hoofdstuk 1 geeft een korte inleiding tot dit proefschrift en de context waarbinnen 
dit onderzoek is uitgevoerd. Daarnaast worden de strekking van het proefschrift en 
de afzonderlijke hoofdstukken ervan beschreven.

Hoofdstuk 2 geeft een literatuuroverzicht van relevant werk aan het begin 
van dit promotieonderzoek. We beschrijven de epigenetische kenmerken van 
mitotische chromosomen. Wanneer cellen de eerste fases van mitose doorlopen 
stagneert de gentranscriptie, ontbinden veel chromatinefactoren en herschikt de 
chromosoomorganisatie zich van een celtype-specifieke conformatie naar een 
willekeurig gepositioneerde reeks lussen. Chromosomen kunnen hun interfase-
identiteit echter zeer snel herstellen na de mitose. In dit hoofdstuk beschrijven we 
verschillende manieren waarop cellen hun epigenetisch geheugen behouden tijdens 
mitose door middel van epigenetische markeringen, zoals histonmodificaties en 
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-varianten, chromatinebindende factoren, histon remodelers en niet-coderend RNA.

In hoofdstuk 3 beschrijven we onze studie van de bindingsdynamiek van CTCF in 
gedifferentieerde cellijnen tijdens mitose. We doen dit met behulp van 4 verschillende 
experimentele benaderingen. Als eerste observeren we met behulp van 5C dat 
TADs en CTCF-gemedieerde lussen afwezig zijn in mitotische cellen. Vervolgens 
laten we met behulp van ATAC-seq het verlies van de chromatinetoegankelijkheid 
en bindingssignatuur van gebonden CTCF-motieven zien. Daarnaast bevestigen 
we het verlies van CTCF-binding op een directe manier door middel van Cut&Run. 
Hoewel CTCF-binding verloren gaat in mitose, vinden we dat histonmodificaties 
zoals H3K4me1/3 en histonvariant H2A.z behouden blijven. Tenslotte bevestigen 
we onze genomics observaties met behulp van live-cell imaging. FRAP en single-
particle tracking bevestigen in levende cellen dat de binding van CTCF-chromatine 
verloren gaat tijdens mitosis.

Hoofdstuk 4 gaat dieper in op de kenmerken van mitotische chromosomen en de 
verschillen tussen stamcellen en gedifferentieerde cellen, en de verschillen tussen 
gewervelde diersoorten. Met behulp van een nieuwe analyse van gepubliceerde 
ATAC-seq data observeren we dat muizenstamcellen deels CTCF-binding behouden 
tijdens mitose. Ondanks dit gedeeltelijk behoud worden er geen TADs en CTCF-
gemediteerde lussen waargenomen in Hi-C-data, zowel op individuele genomische 
locaties als in Hi-C-aggregaties. Dit suggereert dat mitotische lusvorming door 
condensin I en II niet kan worden verhinderd door CTCF. Bovendien vinden we 
door het vergelijken van mitotische chromosomen in Hi-C-data van muizen, mensen 
en kippen dat de gemiddelde grootte van de lussen verschilt tussen soorten. Dit 
correleert met de gemiddelde lengte van de q-arm van de chromosomen van deze 
soorten. We interpreteren dit resultaat zo dat naarmate een organisme langere 
chromosoomarmen heeft, het niveau van condensatie groter is. Dit zou mogelijk 
kunnen helpen bij de correcte splitsing van zusterchromatiden bij mitose.

In hoofdstuk 5 introduceren we een nieuwe Hi-C-methode, genaamd SisterC. Bij 
het gebruik van de conventionele Hi-C techniek is het niet mogelijk om onderscheid 
te maken tussen genomische interacties binnen dezelfde zusterchromatide 
(intrazuster) of tussen de twee verschillende zusterchromatiden (interzuster). SisterC 
gebruikt BrdU-incorporatie, gevolgd door UV/Hoechst-behandeling om enkelstrengs 
breuken te introduceren, waardoor inter- en intrazusterinteracties kunnen worden 
gescheiden op basis van strengoriëntatie na high-throughput DNA sequencing. 
We passen deze techniek toe op mitotisch gesynchroniseerd brouwersgist. In gist 
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worden zowel interzuster connecties als intrazuster chromosoomlussen gemedieerd 
door het eiwit cohesin. Met behulp van SisterC observeren wij dat cohesin gemiddeld 
elke 35 kb langs de chromosoomarmen een band tussen de twee zusterchromatiden 
vormt langs de chromosoom armen. Daarnaast vormt cohesin lussen langs de 
zusterchromatiden, tot een grootte van ten hoogste 50 kb. We merken op dat deze 
lussen zich niet per se op dezelfde genomische locatie op beide zusterchromatiden 
bevinden. Hierdoor zijn de zusterchromatiden niet perfect uitgelijnd, hetgeen 
resulteert in een gemiddelde afstand van 5-25 kb tussen de plaatsen waar interacties 
tussen de twee zusterchromatiden gemedieerd worden door bindend cohesin.

In het huidige SisterC-protocol is de verwijdering van strengen die BrdU bevatten 
voldoende, maar niet volledig. Hoofdstuk 6 beschrijft verschillende manieren 
waarop ons SisterC-protocol kan worden verbeterd. Daarnaast passen we het 
SisterC-protocol voor gebruik in de menselijk cellijn Hap1 cdk1as. We testen een 
synchronisatieprotocol voor Hap1 cdk1as-cellen, dat efficiënte BrdU-opname 
tijdens de S-fase mogelijk maakt, naast synchronisatie in de G2-fase, mitose en de 
daaropvolgende G1. Met behulp van dit protocol vinden we ruim 80% BrdU-opname 
met HPLC, wat succesvolle toepassing van SisterC in zoogdiercellen voorspelt. 

Hoofdstuk 7, tenslotte, plaatst onze resultaten in de context van de laatste 
ontwikkelingen op het gebied van epigenetische kenmerken van mitotische 
chromosomen. Toekomstige onderzoeksrichtingen en -vragen worden besproken, 
die mogelijk kunnen bijdragen tot een beter begrip van mitotische markeringen en de 
conformatieveranderingen die mitotische chromosomen ondergaan.
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List of Abbreviations

3C	 Chromosome conformation capture
5C	 Chromosome conformation capture carbon copy
A	 Adenosine
ATAC-seq	 Assay for transposase-accessible chromatin using 

sequencing
Bp	 Base pair
BRD4	 Bromodomain 4 protein
BrdU	 Bromodeoxyuridine
C	 Cytidine
CENP-A	 Centromere protein A
ChIP-seq	 Chromatin Immunoprecipitation sequencing
CPC	 Chromosomal passenger complex
CTCF 	 CCCTC-binding factor)
CUT&RUN	 Cleavage under targets and release using nuclease
DamID	 DNA adenine methyltransferase identification 
DHS	 DNase I hypersensistive site 
DNA	 Deoxyribonucleic acid
EMANIC	 EM-assisted nucleosome interaction capture
FISH	 Fluorescence in situ hybridization 
FRAP	 Fluorescence recovery after photobleaching
G	 Guanosine
Gb	 Gigabase (1,000,000,000 basepairs)
gDNA	 genomic DNA
H3K27ac	 Histone 3 lysine 27 acetylation
H3K36me3	 Histone 3 Lysine 36 trimethylation
H3K4me1	 Histone 3 Lysine 4 monomethylation
H3K4me3	 Histone 3 Lysine 4 trimethylation
H3K9me3	 Histone 3 Lysine 9 trimethylation
H3S10ph	 Histone 3 Serine 10 phosphorylation
H3T3ph	 Histone 3 Threonine 3 phosphorylation
HAT	 Histone acetyl transferase
HeLa 	 Henrietta Lacks cell line
HFF	 Human foreskin fibroblast 
HP1	 Heterochromatin protein 1
IF	 Immuno fluorescence
Kb	 Kilobase (1,000 basepairs)
LADs	 Lamina interacting domains
Mb	 Megabase (1,000,000 basepairs)
mESC	 mouse embryonic stem cells
mPCs	 mouse pluripotent cells
ncRNA	 non-coding RNA
PCR	 polymerase chain reaction
RNA	 Ribonucleic acid
SCEs	 Sister chromatids exchanges
scs-HiC	 Sister chromatid sensitive Hi-C
SMC	 Structural maintenance of chromosomes protein 
SPT	 Single particle tracking
T	 Thymidine
TAD	 Topologically associated domain
TF	 Transcription factor
TSS	 Transcription start site	
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