
PNAS  2023  Vol. 120  No. 4  e2213810120� https://doi.org/10.1073/pnas.2213810120   1 of 12

RESEARCH ARTICLE | 

Significance

The X chromosome in female 
mammals exists in two states: 
as compacted, transcriptionally 
inactive and as decompacted, 
active chromosome. During 
reprogramming of differentiated 
cells into induced pluripotent 
stem cells, the inactive X gets 
switched on by X chromosome 
reactivation (XCR). Until now, it 
was not understood which 
molecules control XCR and how 
this is linked with stem cell 
reprogramming. Here we identify 
the cohesin protein SMC1a as a 
key regulator of this process. 
Reducing SMC1a levels by 
RNA-interference did not disrupt 
stem cell reprogramming overall, 
but greatly impaired restructuring 
of the X chromosome and turning 
on its genes during XCR. Thereby 
we revealed a mechanism how an 
entire chromosome can change 
its 3D-structure and be switched 
from "OFF" to "ON."
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Reactivation of the inactive X chromosome is a hallmark epigenetic event during repro-
gramming of mouse female somatic cells to induced pluripotent stem cells (iPSCs). 
This involves global structural remodeling from a condensed, heterochromatic into an 
open, euchromatic state, thereby changing a transcriptionally inactive into an active 
chromosome. Despite recent advances, very little is currently known about the molec-
ular players mediating this process and how this relates to iPSC-reprogramming in 
general. To gain more insight, here we perform a RNAi-based knockdown screen during 
iPSC-reprogramming of mouse fibroblasts. We discover factors important for X chro-
mosome reactivation (XCR) and iPSC-reprogramming. Among those, we identify the 
cohesin complex member SMC1a as a key molecule with a specific function in XCR, 
as its knockdown greatly affects XCR without interfering with iPSC-reprogramming. 
Using super-resolution microscopy, we find SMC1a to be preferentially enriched on the 
active compared with the inactive X chromosome and that SMC1a is critical for the 
decompacted state of the active X. Specifically, depletion of SMC1a leads to contraction 
of the active X both in differentiated and in pluripotent cells, where it normally is in its 
most open state. In summary, we reveal cohesin as a key factor for remodeling of the X 
chromosome from an inactive to an active structure and that this is a critical step for 
XCR during iPSC-reprogramming.

cellular reprogramming | X chromosome | X-reactivation | cohesin | X-inactivation

Mammals avoid a sex chromosome dosage imbalance between males and females by 
transcriptionally inactivating one of the two X chromosomes in females (1–3). However, 
X-inactivation is reversed twice during mouse development by a process termed 
X chromosome reactivation (XCR) (4–6); first in the late epiblast of preimplantation 
blastocysts (7–10) and later in the germ cell lineage (11–14). In the epiblast, reactivation 
of the imprinted inactive X is restricted to cells expressing the pluripotency factor NANOG, 
thus linking XCR to the naive pluripotent cell fate (7, 9, 15). Also in vitro, XCR is coupled 
to the acquisition of pluripotency, either when somatic cells are fused with pluripotent 
stem cells (16, 17) or during induced pluripotent stem cell (iPSC)-reprogramming  
(9, 18–21). An essential step linking XCR to pluripotency is the downregulation of the 
X-inactivation master regulator and long noncoding RNA Xist (19), which is mediated 
by pluripotency factors such as OCT4, NANOG, or PRDM14 (9, 22–24) when they 
become endogenously expressed during reprogramming (19, 21). Nevertheless, to what 
extent XCR is in turn important for the acquisition of pluripotency during iPSC-
reprogramming, remains unclear.

Apart from Xist downregulation, XCR is a multistep process, which involves global remod-
eling of the X chromosome 3D-structure, and chromatin state leading eventually to tran-
scriptional reactivation of X-linked genes. The inactive X chromosome (Xi) thereby loses 
repressive chromatin marks such as H3K27me3 and DNA methylation at X-linked gene 
promoters and gains active marks such as histone acetylation (18–20). Furthermore, during 
this transition from a heterochromatic Xi to an euchromatic active X (Xa), chromatin 
opening occurs, initially starting from already open escapee regions and then further pro-
gressing along the entire chromosome (21, 25). Judging from the speed at which these 
chromatin changes take place—in vivo in the epiblast even within one day without significant 
cell proliferation—suggests active mechanisms to be at play. For example, efficient removal 
of the H3K27me3 mark during XCR from the Xi requires the histone demethylase KDM6A/
UTX (10), and gene reactivation is promoted by inhibition of DNA-methyltransferases and 
histone deacetylases (19, 20, 26).

The Xi is distinguished from the Xa and autosomes by substantial 3D-structural dif-
ferences, and therefore XCR requires dramatic rewiring of X chromosome topology. A 
characteristic Xi feature is its packaging into two so-called megadomains separated by D
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the macrosatellite repeat boundary element Dxz4 (27–30). 
Furthermore, topological domains and loops, which are bound 
by the structural factor CTCF and are generated by chromatin 
loop extrusion by cohesin proteins, are strongly attenuated on 
the Xi (29–31). Xist RNA binds and repels cohesin and CTCF 
from the Xi (29, 32), and downregulation of Xist during XCR 
leads to the reappearance of topological domains on the reacti-
vated Xa (21). Furthermore, chromosome compartments, which 
structurally separate domains of different chromatin states 
(27, 31, 33, 34), become remodeled during reprogramming to 
pluripotency and specifically influence the reactivation kinetics 
of X-linked genes (21).

Although much has been recently learned by kinetic studies of 
XCR during iPSC-reprogramming (19–21, 25), little is known 
about the molecules, which functionally drive the process of trans-
forming the X chromosome from an inactive into an active state. 
Furthermore, a clear understanding has been lacking, if factors 
regulating XCR would also affect iPSC-reprogramming in general, 
or if the two processes would remain functionally separated. To 
gain further insights into these questions, we here performed a 
functional knockdown screen during iPSC-reprogramming and 
thereby identified factors important for XCR and pluripotency 
acquisition. Among them, we found that the cohesin complex 
member SMC1a is a factor that plays a critical role in XCR. The 
importance of cohesins has been widely established for genome 
structure (35) and in particular in the context of X chromosome 
structure during X-inactivation, where cohesin gets specifically 
evicted from the inactive X chromosome by Xist RNA (29, 32). 
However, to which degree the deposition of cohesin molecules on 
the X chromosome is functionally important for the reestablish-
ment of an active 3D-structure during XCR and if this would 
impact the reactivation of X-linked genes was previously unknown. 
Furthermore, while some prior studies on cohesin and pluripo-
tency suggested a direct role in pluripotency gene regulation and 
reprogramming (36–38), others proposed these effects to be rather 
indirect through cell cycle-related functions of cohesin such as 
controlling cell proliferation and DNA damage (39, 40). Up till 
now, it has never been addressed, if cohesin affected XCR during 
reprogramming and if this would impact pluripotency acquisition. 
Here we found that while knockdown of Smc1a and other cohesin 
complex members led to diminished reactivation of an X-linked 
GFP reporter (41) and the endogenous X chromosomal gene Hprt, 
cohesin depletion did not affect the formation of iPSC colonies. 
This suggests that cohesin has a predominant role in XCR and 
that iPSC formation is not dependent on XCR in female cells, 
thus uncoupling the two events mechanistically. Furthermore, 
using super-resolution (SR) microscopy we see preferential binding 
of SMC1a to the Xa in comparison to the Xi at the single-cell level. 
Finally, we show that SMC1a is critical to guarantee the decom-
pacted state of the Xa in both differentiated cells and pluripotent 
stem cells. Thus our study reveals how remodeling of X chromosome 
structure by SMC1a is a critical step for switching the X chromo-
some from a silent to an active state during reprogramming.

Results

Functional shRNA-Knockdown Screen during iPSC-Repro
gramming Identifies SMC1a as a Regulator of XCR. Transcriptional 
reactivation of the paternal X chromosome (Xp) in vivo occurs in 
specific cells of the mouse blastocyst between E(embryonic day)3.5 
and E4.5 during pre- to periimplantation development. While the 
trophectoderm (TE) and the primitive endoderm (PE) maintain 
Xist RNA expression and thereby imprinted silencing of genes on 
the Xp, the epiblast cells within the inner cell mass (ICM) gradually 

down-regulate Xist and undergo XCR (7, 8, 10). To identify genes 
with potential roles in the XCR process, we performed single-
cell expression profiling of ICM cells of blastocysts prior (E3.5, 
EPI Xist+), during (E4.25, EPI Xist+/Xist-) and after (E4.5, EPI 
Xist-) XCR. Combining our own data with a published dataset 
(42), we ranked genes by Pearson correlation with Xist expression 
in epiblast cells over time, based on the assumption that genes 
actively involved in XCR would be progressively up-regulated in 
epiblast between E3.5 and E4.5 and thus anticorrelated with Xist 
(Dataset S1). We then went on to choose genes based on the type 
of factor encoded and their potential involvement in XCR and 
added selected candidate genes from the literature, which were 
expressed in epiblast, resulting in a list of 56 candidate genes, which 
we grouped into four main categories: transcription regulators, 
chromatin factors, signaling, and others (SI Appendix, Table S1). 
This candidate list provided our basis for an shRNA screen to 
identify regulators of XCR during the reprogramming to iPSCs 
(Fig. 1 A and B), which has been previously used as in vitro system 
for studying mechanisms of XCR (9, 18–21, 25). We first performed 
a primary shRNA screen in female mouse embryonic fibroblasts 
(MEFs) undergoing reprogramming to iPSCs. We therefore derived 
MEFs from reprogrammable mice harboring a doxycycline (dox)-
inducible polycistronic OKSM (Oct4, Klf4, Sox2, c-myc) cassette 
(43) and carrying a GFP transgene on one X chromosome as a 
reporter for X-activity (41) and a mutation of the hypoxanthine-
guanine phosphoribosyltransferase (Hprt) gene on the other X 
(44). This enabled us to isolate by FACS XGFP–MEFs, which 
harbored the XGFP transgene on the inactive X chromosome (Xi) 
as starting material for our reprogramming experiments. As it has 
been previously shown that the XGFP transgene can be also silenced 
independently of X-inactivation when located on the active Xa 
(45), we used a selection approach based on the X-linked Hprt gene 
(see Methods) to remove those cells in the 6-thio-guanine (6TG) 
medium and ensure a pure starting population of XiGFPXaHprt- cells. 
This ensured that the XGFP-readout reflected the activity of the 
transgene-harboring X chromosome and not nonspecific transgene 
silencing.

The 6TG-selected, XGFP–MEFs were then transduced with 
lentiviral hairpins targeting the 56 candidate genes with three 
different shRNAs for each gene or control shRNAs on a well-by-
well basis and treated with Dox to induce reprogramming 
(Fig. 1B). The first colonies emerged after 4 to 5 d of OKSM 
expression leading to fully reprogrammed iPSCs around day 14. 
The first evidence of XGFP reactivation was visible around day 8, 
when few cells within the colonies started to become green and 
reached the highest levels at the end point of the reprogramming 
time course when colonies were almost completely green (Fig. 1C). 
We then analyzed the impact of candidate gene knockdown on 
iPSC-reprogramming efficiency by counting the number of col-
onies and normalizing it to the nontargeting LacZ shRNA as 
negative control (Fig. 1D). Knockdown of the reprogramming 
factor Oct4 (46) resulted in low reprogramming efficiency as 
expected. On the other hand, knockdown of Tcf3, a known repres-
sor of reprogramming (47, 48), led to increased reprogramming 
efficiency. Since most of the selected candidates are up-regulated 
in the pluripotent epiblast lineage, which is the precursor of all 
embryonic cell types and from which pluripotent embryonic stem 
cells (ESCs) are derived, we expected some of them to have a role 
in pluripotency and somatic cell reprogramming. Indeed, we 
observed that the knockdown of the majority of the candidates 
decreased the efficiency of reprogramming compared to LacZ 
shRNA (Fig. 1D and Dataset S2). As our main goal was to identify 
regulators of XCR, we then focused on factors whose knockdown 
caused reduced XGFP reactivation (Fig. 1E). As expected, control D
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hairpins against GFP reduced the frequency of GFP+ colonies. 
On the contrary, knockdown of the DNA methyltransferase 
Dnmt1 resulted in a clear increase in XGFP reactivation, in agree-
ment with the role of Dnmt1 in the maintenance of X-inactivation 
(26, 49). Among our candidates which showed a consistent 
decrease in XGFP reactivation upon knockdown was the cohesin 
complex member Smc1a. In fact, Smc1a knockdown showed a 
comparable impact on XGFP-reactivation as knockdown of GFP 
itself (Fig. 1E and Dataset S2), suggesting a role for SMC1a in 
the reactivation process. In order to narrow down the number of 
candidates and validate our results, we performed a secondary 
validation screen using the same system and replacing some of the 

hairpins, which were either toxic or ineffective during the primary 
screen. We focused on the factors that were selected according to 
their effect on XCR preferentially and on both XCR and pluripo-
tency across replicates with at least two out of three hairpins 
(SI Appendix, Fig. S1 A and B) and also checked the knockdown 
efficiency of the selected hairpins (SI Appendix, Fig. S1C). 
Confirming the results from our primary screen, knockdown of 
many of the candidates resulted in reduced pluripotent colony 
formation in accordance with their upregulation in the epiblast 
(SI Appendix, Fig. S1A and Dataset S2). Knockdown of Smc1a, 
however, did not greatly affect the capability of the cells to repro-
gram but rather impaired their capacity to undergo XCR based 
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Fig. 1. Functional shRNA-knockdown screen reveals that SMC1a knockdown affects X-reactivation. (A) Steps of the screening process. (B) Experimental design 
of the screen work-flow. (C) Characterization of the XGFP/OKSM-MEF iPSC-reprogramming system. Representative images of reprogramming time points 
(d0-d6-d10-d14) showing the colony formation in brightfield (BF) and the XGFP reactivation in green (Scale bars = 50 μm.) Reprogramming efficiency (Left 
quantification graph) was scored as the percent of primary colonies formed per input MEFs after 14 d of dox induction. X-Reactivation efficiency (Right graph) 
was scored as ratio between XGFP+ colonies and total colony number. Each graph depicts data from one experiment performed in triplicate (error bars = SEM). 
(D) Reprogramming efficiency upon shRNA knockdowns scored as the total colony number divided by the seeded cell number and normalized to LacZ shRNA 
as negative control (set as 1). Each bar is depicted in different colors according to Gene Ontology analysis. Black bars show shRNAs controls. (E) XCR efficiency 
scored as ratio between XGFP positive colony number and the total colony number and normalized to LacZ shRNA as a control (set as 1).
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on XGFP reactivation (SI Appendix, Fig. S1B and Dataset S2). In 
summary, through our screen we identified genes with potential 
roles during reprogramming and XCR and found the cohesin 
complex member SMC1a to be particularly important for the 
XCR process.

SMC1a Promotes X-Linked Gene Reactivation during iPSC-
Reprogramming. Our iPSC-screening system is based on 
reactivation of XGFP, a transgene inserted into the X chromosome 
by random integration (41), as a simple readout for XCR. To 
confirm that our XCR screening results based on the XGFP 
readout reflect the reactivation of endogenous X-linked genes, 
we took advantage of the fact that our reprogrammable MEFs also 
have a mutation of the endogenous Hprt allele on the opposite 
X chromosome to the XGFP-harboring one (44, 45). As we 
selected initially for XaHprt−/XiGFP/Hprt+ MEFs by culturing them 
in the 6TG medium, which kills cells with an active Hprt wild-
type allele (Fig.  1B), after reprogramming, iPSCs, which have 
undergone XCR would become XaHprt−/XaGFP/Hprt+ and thereby 
sensitive to 6TG (Fig. 2A). In contrast, iPSCs which failed to 
undergo XCR and reactivate the Hprt+ allele (XaHprt−/XiGFP/Hprt+) 
would survive. This allowed us to test the impact of knockdown 
of our candidate genes on XCR during reprogramming using 
both XGFP-reactivation, as well as reactivation of the endogenous 
X-linked gene Hprt (lethality in 6TG) as a readout. Following 
iPSC-reprogramming until day 10, we reseeded the colonies 
on Hprt (−) 6TG-resistant feeders, applied 6TG selection to 
iPSCs for 6 d, and quantified by flow cytometry surviving iPSCs 
based on the pluripotency markers EpCAM1 and SSEA1 (50) 
(Fig. 2 A and B). As expected, almost only XGFP-negative cells 
were able to survive, indicating that XGFP-reactivation was a good 
proxy for reactivation of endogenous X-linked genes like Hprt 
(SI Appendix, Fig. S2A and Dataset S3). Furthermore, control 
knockdowns of lacZ or repressors of XCR such as Dnmt1 and 
Tcf3 resulted in no iPSCs surviving, indicating that they have 
all undergone XCR and were eliminated during 6TG selection 
(Fig. 2B). On the contrary, knockdown of the candidates, which 
emerged from the primary and secondary screens as being 
important for XCR such as Smc1a, resulted frequently in iPSCs 
surviving 6TG selection (Fig. 2B), which also remained XGFP-
negative indicating a lack of XCR (SI Appendix, Fig. S2A and 
Dataset S2). This thereby validated several of our candidates 
including SMC1a as factors with a functional role in XCR.

Downregulation of Xist RNA, the master-regulator of 
X-inactivation, is an essential step during XCR (9, 10, 18–21) and 
several of our candidates showed anticorrelation with Xist down-
regulation in the mouse epiblast (Dataset S1). Therefore, we 
wanted to investigate if our candidate factors' role for promoting 
XCR was directly repressing Xist. For that reason, we knocked 
down the 29 XCR candidate factors, which emerged from the 
primary screen in ESCs, where Xist is not expressed, and quantified 
its derepression by qRT-PCR (Fig. 2C). After knocking down fac-
tors such as Nanog and Oct4 (Fig. 2C), whose role in Xist repres-
sion has been previously described (22, 51), we observed a clear 
upregulation of Xist in ESCs. However, we did not see a clear 
derepression of Xist when knocking down our candidate genes. 
Furthermore, we looked at expression of Tsix, which is a negative 
regulator of Xist and has been implicated in XCR in mouse blas-
tocysts (9) (SI Appendix, Fig. S2B). While we observed reduced 
Tsix expression after knocking down Zfp42/Rex1, a known acti-
vator of Tsix (52), we did not see a consistent downregulation of 
Tsix after knock-down of our other candidates. We also examined 
expression of Rnf12/Rlim, a positive regulator of Xist (53), and only 
saw some increase in Rnf12 expression when we knocked down 

Oct4, a known repressor of Rnf12 (24) (SI Appendix, Fig. S2C). 
In conclusion, although many of our candidate factors display an 
anticorrelation with Xist expression during XCR in blastocysts 
(Dataset S1), they do not seem to control XCR by derepressing 
Xist or by modulating expression of the Xist regulators Tsix and 
Rnf12. This suggests our XCR candidates, including Smc1a, rather 
promote XCR by other, Xist-independent mechanisms.

Cohesin Knockdown Impairs XCR but Not iPSC-Reprogramming 
Efficiency. Throughout the different screening runs, it emerged 
consistently that knockdown of the cohesin subunit SMC1a 
strongly reduced XCR efficiency while having little effect on 
the formation of iPSC colonies (Figs. 1 D and E and 2 B and 
SI Appendix, Figs. S1 A and B and S2A). As the cohesin complex 
plays many key roles in cell cycle, DNA repair, and genome 
organization (54), we further wanted to discriminate between a 
more general reprogramming phenotype and a specific effect on 
XCR and therefore focused our attention on the core components 
of the cohesin complex SMC1a, SMC3, and RAD21 (35). 
We first performed knockdown of cohesin complex members 
during iPSC reprogramming from male MEFs (Fig. 3 A–C and 
SI Appendix, Fig. S3A), which allowed us to assess the effect on 
colony formation only, as XCR does not occur in male cells. While 
Oct4 depletion strongly impaired reprogramming in male cells, 
Smc1a, Rad21, and Smc3 knockdown did not consistently affect 
the number of colonies formed compared with LacZ control 
(Fig. 3A). Moreover, when we assessed the percentage of iPSCs 
based on the surface markers EpCAM1 and SSEA1 at day 11, we 
only observed relatively minor effects, when compared with Oct4 
knockdown, which greatly diminished reprogramming efficiency 
(Fig.  3 B and C). This is in line with previous studies, which 
reported that cohesins were not required for pluripotency gene 
reactivation during reprogramming by somatic cell–pluripotent 
stem cell fusion (39, 40).

We then went on to examine the effect of cohesin depletion on 
iPSC reprogramming and XCR of female MEFs (Fig. 3 D–I and 
SI Appendix, Fig. S3B). By imaging, we could see that in female 
cells colony formation was not impaired after cohesin complex 
members' knockdown, whereas XGFP reactivation was greatly 
reduced (Fig. 3D). We observed a slight but not significant decrease 
in terms of colony number upon cohesin knockdown, similar to 
what we observed in the previous screening rounds for Smc1a 
(Figs. 1D and 3E and SI Appendix, Fig. S1A). However, when we 
looked at XCR based on XGFP reactivation, we observed a highly 
significant reduction in XGFP-positive colonies for Smc1a shRNA 
compared with LacZ control (Fig. 3F). A similar reduction in 
XGFP reactivation was observed upon Smc3 and Rad21 depletion 
suggesting a general role for the cohesin complex during XCR. 
We then further quantified the effects by FACS analysis and looked 
at iPSC reprogramming efficiency based on the pluripotency mark-
ers EpCAM1 and SSEA1 and XCR based on the percentage of 
XGFP+ iPSCs (Fig. 3G). As for colony numbers, we did not 
observe a major impairment of pluripotency acquisition based on 
SSEA1/EpCAM1 FACS upon cohesins' knockdown (Fig. 3H). 
However, we could detect a significant decrease in the percentage 
of XGFP-positive cells within the EpCAM1+/SSEA1+ double-pos-
itive population (Fig. 3I). While in the LacZ shRNA control, the 
percentage of XGFP+ pluripotent cells was around 37%, in Smc1a 
knockdown cells the percentage dropped to on average of 18%. 
Rad21 and Smc3 knockdown showed similar effects on XGFP 
reactivation (Fig. 3 G–I). It is important to stress that we observed 
these results after incomplete depletion of cohesins by shRNA 
knockdown (SI Appendix, Fig. S3B), thereby keeping high-enough 
cohesin levels remaining required for essential functions during D
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cell division (55, 56) and for reprogramming (36–38). In sum, 
our results led us to conclude that cohesins have a dosage-depend-
ent role for XCR during iPSC reprogramming, whereas the reduc-
tion in cohesin levels does not significantly affect the efficiency of 
pluripotency acquisition. Consequently, as a reduction in XCR 
did not go hand in hand with a reduction in iPSC colony or cell 
number suggests that XCR does not influence iPSC-reprogram-
ming efficiency, making them functionally separable events.

SMC1a Is Enriched on the Active X Chromosome, and Its 
Depletion Leads to the Compaction of the Active X. As SMC1a-
depletion had a preferential effect on XCR, this would be in line 
with the model that cohesins control the 3D-chromatin structure 
of the active X chromosome and are evicted by Xist RNA from the 
inactive X (29, 32). Therefore, to understand how SMC1a could 
play a role in XCR, we focused our attention on X chromosome 

structure. We performed SR stochastic optical reconstruction 
microscopy (STORM) (57) in MEF cells in Smc1a knockdown 
and control conditions. Specifically, we performed immuno-DNA 
FISH using an X chromosome paint probe to identify the two X 
chromosomes followed by immunofluorescence for H3K27me3 
and SMC1a. This allowed us to discriminate the H3K27me3-
enriched inactive Xi from the active Xa and to quantify with 
single-cell resolution the relative amount of SMC1a protein 
bound on each X chromosome by STORM imaging (Fig. 4A). 
As expected, control LacZ shRNA MEFs showed an abundant 
and broadly distributed signal of SMC1a across the nucleus 
and significant depletion from the Xi when compared with the 
Xa (Fig.  4 A and B), in agreement with bulk ChIP-Seq data 
for SMC1a (29). Due to the higher compaction of the Xi, the 
density of SMC1a localizations per area did not differ significantly 
between the Xi and Xa (Fig. 4C). Accordingly, there was more 
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SMC1a bound on the Xa compared with its respective Xi, when 
scoring the ratio of SMC1a localizations between the Xa and Xi 
within the same nucleus (Fig. 4D). In Smc1a shRNA MEFs, we 
detected a drastic reduction of cohesin in the nucleus and STORM 
imaging confirmed almost complete absence of detectable SMC1a 
protein, with just few spots remaining (Fig. 4A) and leading to 
the disappearance of the higher amount of bound SMC1a on the 
Xa when compared with the Xi (Fig. 4 B and D).

We next asked whether Smc1a knockdown would affect the 
global organization of X chromosomes. Thus, we measured the 
area occupied by the active versus inactive X chromosomes in LacZ 

and Smc1a shRNA conditions. As the heterochromatic Xi is more 
compact than the Xa (30, 58, 59), the area occupied by the active 
X was significantly bigger than the area occupied by the Xi in LacZ 
knockdown controls (Fig. 4 A–E). On the contrary, upon Smc1a 
knockdown, the area differences between the two X chromosomes 
disappeared as the active X area became smaller and more similar 
to the inactive X (Fig. 4E). Surprisingly, when we compared the 
area occupied by H3K27me3 on the Xi between control LacZ 
and Smc1a knockdown cells, we observed that the H3K27me3 
area was significantly smaller and the H3K27me3 signal appeared 
more intense after SMC1a depletion (Fig. 4 F and G and 

O
ct

4
sh

La
cZ

sh
S

m
c1

a
sh

1
S

m
c1

a
sh

2
S

m
c1

a
sh

3
R

ad
21

sh
1

R
ad

21
sh

2
S

m
c3

sh
1

S
m

c3
sh

2

0

20

40

60

80

100

T
ot

al
co

lo
ny

nu
m

be
r 

   
   

  (
m

al
e 

iP
S

C
)

****

* * *
ns

ns
nsns

-10
2

10
2

10
3

10
4

10
5

-10
2

10
2

10
3

10
4

10
5

-10
2

10
3

10
4

10
5

-10
2

10
2

10
3

10
4

10
5

-10
2

10
2

10
3

10
4

10
5

-10
2

10
2

10
3

10
4

10
5

-10
2

10
2

10
3

10
4

10
5

-10
2

10
2

10
3

10
4

10
5

-10
2

10
2

10
3

10
4

10
5

-10
2

10
2

10
3

10
4

10
5

E
pC

A
M

1

SSEA1

LacZ sh Oct4 sh

Smc1a sh1 Rad21 sh1 Smc3 sh2

68% 17%

59% 60% 56%

O
ct

4
sh

La
cZ

sh
S

m
c1

a
sh

1
S

m
c1

a
sh

2
S

m
c1

a
sh

3
R

ad
21

sh
1

R
ad

21
sh

2
S

m
c3

sh
1

S
m

c3
sh

2 E
pC

A
M

1+
S

S
E

A
1+

ce
lls

 
   

   
   

 (
m

al
e 

iP
S

C
)

****

* **
**

***

ns
ns

ns

80%

60%

40%

20%

0%

100%

BF

XGFP

LacZ sh Smc1a sh Smc3 shRad21 shOct4 sh

-10
2
0 10

3
10

4
10

5

-10
3

-10
2

10
3

10
4

10
5

-1 64,8 130,6 196,4 262,1

-10
2

10
2

10
3

10
4

10
5

-10
2
10
2

10
3

10
4

10
5

-

10
2

10
3

10
4

10
5

0 65,5 131,1 196,6 262,1

-10
1

10
2

10
3

10
4

10
5

-10
2

10
2

10
3

10
4

10
5

-

10
2

10
3

10
4

10
5

5

0 65,5 131,1 196,6 262,1

-10
1

10
2

10
3

10
4

10

-1020 103 104 105

-102
102

103

104

105

0 65.5 131.1 196.6 262.1

-101

102

103

104

105

0 65,5 131,1 196,6 262,1

-10
1

10
2

10
3

10
4

10
5

-10
2

10
2

10
3

10
4

10
5

-10
3

-10
2

10
3

10
4

10
5

E
pC

A
M

1

SSEA1

X
G

FP

SSC-A

LacZ sh

Oct4 sh

Smc1a sh2

Rad21 sh2

Smc3 sh2

57%

19%

56%

44%

45%

XGFP+ 
17%

XGFP+
37%

XGFP+ 
17%

XGFP+ 
19%

XGFP+ 
20%

O
ct

4
sh

La
cZ

sh
S

m
c1

a
sh

1
S

m
c1

a
sh

2
S

m
c1

a
sh

3
R

ad
21

sh
1

R
ad

21
sh

2
S

m
c3

sh
1

0

20

40

60

S
m

c3
sh

2

80

T
ot

al
co

lo
ny

nu
m

be
r 

   
   

(f
em

al
e 

iP
S

C
)

***

O
ct

4
sh

La
cZ

sh
S

m
c1

a
sh

1
S

m
c1

a
sh

2
S

m
c1

a
sh

3
R

ad
21

sh
1

R
ad

21
sh

2
S

m
c3

sh
1

S
m

c3
sh

2
0

0.5

1.0

****

** **
**

***
*** ***

ns
ns

X
-R

ea
ct

iv
at

io
n 

ef
fic

ie
nc

y
   

   
   

(fe
m

al
e 

iP
S

C
)

****
*** **

ns
ns

ns ns

80%

60%

40%

****

O
ct

4
sh

La
cZ

sh
S

m
c1

a
sh

1
S

m
c1

a
sh

2
S

m
c1

a
sh

3
R

ad
21

sh
1

R
ad

21
sh

2
S

m
c3

sh
1

S
m

c3
sh

2 E
pC

A
M

1+
S

S
E

A
1+

 c
el

ls

20%

0%

X
G

F
P

+/
E

pC
A

M
1+

S
S

E
A

1+
   

   
   

   
fe

m
al

e 
ce

lls

****

0%

20%

30%

40% ****

10%

O
ct

4
sh

La
cZ

sh
S

m
c1

a
sh

1
S

m
c1

a
sh

2
S

m
c1

a
sh

3
R

ad
21

sh
1

R
ad

21
sh

2
S

m
c3

sh
1

S
m

c3
sh

2

E F

H I

A B C

D G

Fig. 3. Cohesin complex members have a preferential role in XCR during iPSC reprogramming. (A) Total colony numbers upon cohesin members knockdowns 
in male cells. (B) Flow cytometry analysis of iPSC colonies w/wo cohesin knockdown stained for EpCAM1 and SSEA1 at day 11 of reprogramming in male cells. 
(C) Quantification of double-positive EpCAM1/SSEA1 cells upon cohesin knockdown. (D) Representative images of female iPS colonies at day 10 showing the 
colony formation in brightfield (BF) and the XGFP reactivation upon knockdown in green (Scale bars = 50 μm.) (E) Total colony number upon cohesin members' 
knockdown in female cells. All samples below the horizontal line are not significantly different from lacZ control. (F) XCR efficiency scored as ratio between 
XGFP positive colony number and the total colony number at day 10 upon cohesin members' knockdown in female cells. (G) Flow cytometry analysis of iPSC 
colonies w/wo cohesin knockdown stained by EpCAM1 and SSEA1 at day 11 of the reprogramming in female cells. (H) Quantification of double-positive EpCAM1/
SSEA1 population in female cells. (I) XGFP percentage scored within the pluripotent population (EpCAM1 and SSEA1 double-positive cells). All samples below 
the horizontal line are significantly different from lacZ control with ****P ≤ 0.0001. In all panels Oct4 shRNA is shown as reprogramming control. In panels  
(A, C, E, F, H, and I): Mean ± SD is displayed. Statistical comparisons with control LacZ shRNA controls are indicated. ns P > 0.05, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, 
****P ≤ 0.0001 for one-way ANOVA with Dunnett's multiple comparisons test, n = 3 replicates.
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SI Appendix, Fig. S4), although the Xi area based on X-paint did 
not change (Fig. 4E). This suggests a potential role for SMC1a in 
defining the H3K27me3 territory on the Xi.

Taken together, our data showed an increase in compaction 
upon Smc1a knockdown on the active X, suggesting a function 
for SMC1a in shaping the Xa structure. Furthermore, we observed 
a contraction of the H3K27me3 territory on the Xi without 
changing the overall Xi-chromosome compaction after Smc1a 
knockdown, highlighting distinct roles for SMC1a on the active 
and inactive X chromosomes (32).

X Chromosome Architecture Is Rewired during Pluripotency 
Acquisition in an SMC1a-Dependent Fashion. To interrogate 
the cohesin dependency of the dynamic structural changes of 
the X chromosomes during iPSC reprogramming, we used a 
combined oligopaint and immunolabeling approach similar to 
(30). As depicted in the cartoon in Fig.  5A and SI  Appendix, 
Fig. S5A, we designed DNA-FISH probe sets according to the 
megadomain structure characteristically present on the Xi but 
not on the Xa (27–30). Analysis of published Hi-C data (21) 
revealed that the probe sets were each separated by approximately 
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Fig. 4. Differential localization of SMC1a between active and inactive X chromosomes shapes X chromosome territory. (A) Representative images of Immuno-
DNA FISH experiments in combination with super resolution microscopy (STORM). MEFs with Smc1a or LacZ control shRNA knockdown were stained with 
X-paint (green), H3K27me3 (orange), and SMC1A (magenta). The dashed areas outline the two X chromosome territories (Xi = inactive X; Xa = active X) (scale 
bars = 1 µm). Diffraction-limited images for X-paint, H3K27me3 and SMC1a are shown in the left three columns. STORM images of SMC1a are shown in the 
right column. (B) Average number of SMC1a localizations per chromosome in LacZ shRNA control and Smc1a knockdown MEFs for both active and inactive X 
chromosomes. (Mean ± SD is displayed. **P ≤ 0.01 for two-tailed paired t test). Numbers indicate the absolute number of counted cells. (C) Density of SMC1a 
localizations in LacZ shRNA control and Smc1a knockdown MEFs for both active and inactive X chromosomes. Density was quantified by dividing the number of 
SMC1a localizations identified in the active and inactive chromosome shown in (B) by the area of the corresponding chromosome (Mean ± SD is displayed. ns  
P > 0.05 for two-tailed paired t test). Numbers indicate the absolute number of counted cells. (D) Ratio of SMC1a localizations in Xa/Xi per nucleus. (Mean ± SD is 
displayed. **P ≤ 0.01 for one sample t test). Numbers indicate the absolute number of counted cells. (E) Quantification of the active and inactive X chromosome 
areas after control LacZ (Left) and Smc1a (Right) shRNA knockdown in MEFs. (Mean ± SD is displayed. ***P ≤ 0.001 for two-tailed paired t test). Numbers indicate 
the absolute number of counted cells. (F) Representative confocal images of H3K27me3 mark upon LacZ and Smc1a shRNA knockdown in MEFs. The dashes 
areas outline the H3K27me3 spot (Scale bars = 9 μm.) (G) Comparison of inactive X chromosomal H3K27me3 territory after LacZ and Smc1a shRNA knockdown. 
(****P ≤ 0.0001 for unpaired t test). Numbers indicate the absolute number of counted cells.
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5 to 10 TADs (topologically associating domains) on the Xa and 
that they localized in different compartments depending on cell 
type and X-inactivation state (SI Appendix, Fig. S5A). Specifically, 
we designed the probes within the left megadomain (probe sets 
a, b) and in the right megadomain (probe set c) divided into two 
subregions within each area (a1–a2, b1–b2, c1–c2). This allowed 
us to measure 3D-distances both within a megadomain (a–b), 
as well as across the megadomain boundary Dxz4 (probes b–c). 
We used these probes to examine intra- and intermegadomain 
distances on both the active and inactive X chromosomes in 
three different cell states: MEFs (differentiated XaXi state), day 
8 iPSCs (intermediate reprogramming XaXi to XaXa state) and 
ESCs (pluripotent XaXa state) (Fig. 5B and SI Appendix, Fig. S5B).

First, we observed a progressive increase in both (a-b) as well 
as (b-c) distances on the Xa, when comparing differentiated MEFs, 
day 8 reprogramming intermediates and pluripotent ESCs, which 
is in line with a globally decompacted chromatin state in pluri-
potent cells in contrast to differentiated cells (60, 61) (Fig. 5B and 
SI Appendix, Fig. S5B). Next we compared probe distances on the 
Xi with the distances on the Xa in differentiated cells (MEFs) and 
observed relatively small, but significant differences between 
probes (a-b), consistent with them being located within one com-
pacted megadomain on the Xi and the megadomain-free, more 
open Xa (Fig. 5 C and D). Upon Smc1a knockdown, this differ-
ence was lost (Fig. 5C and SI Appendix, Fig. S5C), in line with 
our results when comparing the Xi and Xa compaction states using 
X-paint (Fig. 4E), and also consistent with the loss of megado-
mains on the Xi after cohesin depletion (32). We then went on 
to examine day 8 of reprogramming, as this is the time point when 
XCR starts to occur in this system, allowing us to differentiate 
between the inactive X from the active or reactivated X by the 
presence or absence/loss of the H3K27me3 spot, respectively 
(Fig. 5 E and F). We did not observe significant differences in the 
distances spanning the megadomains (probes b–c) between Xa 
and Xi consistent with a previous study (30). However, when 
comparing intra-megadomain distances (a–b), we saw a significant 
distance increase on the Xa, once the H3K27me3 spot has been 
erased during XCR (XaXa cells), but not prior to XCR (XaXi 
cells). This suggests that progression in reprogramming and XCR 
promoted the restructuring of both the constitutively active Xa as 
well as the freshly reactivated Xa. Finally, we wanted to see how 
cohesin affected the structure of the Xa in ESCs (Fig. 5 G and H). 
Compared with LacZ knockdown control, after Smc1a knock-
down (SI Appendix, Fig. S5D) we saw a marked reduction in b–c 
probe distances and to some, but nonsignificant degree, of a–b 
probe distances. This decrease in probe distances upon Smc1a 
knockdown indicated a transition toward a distinct Xa structure 
when cohesin levels were reduced. This is in agreement with what 
we have observed for the Xa in MEFs after Smc1a depletion 
(Figs. 4E and 5 C and D).

In conclusion, the X chromosome displays progressive reorgan-
ization during reprogramming, both when reactivated from an Xi 
to an Xa and when transitioning as Xa from a differentiated to a 
pluripotent cell state. The cohesin SMC1a appears to be a key 
factor during this process as its depletion leads in particular to a 
collapse of the Xa structure.

Discussion

Reactivation of the inactive X chromosome in females is a hall-
mark of the naive pluripotent stem cell state (4–6) and occurs in 
the mouse blastocyst epiblast in vivo (7) and during iPSC repro-
gramming in vitro (18). While a number of studies have described 
the sequence of events (9, 10, 19–21, 25), little is known about 

the factors driving this chromosome-wide epigenetic reprogram-
ming process. To gain mechanistic insight, we here went on to 
perform a candidate-based RNAi-knockdown screen during 
iPSC-reprogramming to uncover regulators of XCR.

The main hit from our screen, which we followed up mecha-
nistically, was the cohesin complex member SMC1a (35, 54). 
SMC1a has caught particularly our attention, as it has been 
described to be evicted from the inactive X chromosome by Xist 
RNA during X-inactivation (29, 32). This leads to the character-
istic structural differences between the Xi and Xa, where the Xi 
loses most of its topological domains (29, 30). The structures are 
regained after conditional ablation of Xist in fibroblasts (29) or 
during iPSC-reprogramming, when Xist is down-regulated and 
the Xi is remodeled into an Xa by XCR (21). Previous studies 
focused on the role of cohesin for X chromosome structure in the 
context of X-inactivation establishment during differentiation and 
during X-inactivation maintenance (29, 32). What sets our study 
apart is that our goal was to elucidate the importance of cohesin 
in setting up and remodeling the Xa structure during the reverse 
process of XCR and pluripotency acquisition. Furthermore, 
instead of using a bulk, genomics-based approach, we chose a 
combination of super resolution (STORM) and conventional 
imaging, in order to resolve the cell-to-cell heterogeneity occurring 
during the dynamic reprogramming process.

We selected a number of our candidates based on their expres-
sion in mouse blastocysts, where they got up-regulated during 
epiblast maturation between E3.5 and E4.5 and thereby anticor-
related with Xist, which gets down-regulated during XCR. We 
hypothesized that low expression in pre-XCR epiblast and increase 
in expression during XCR would enrich for factors with a potential 
active role in XCR. Despite the anticorrelation of many of our 
candidates with Xist expression, we did not uncover new regulators 
of Xist, which is known to be repressed by pluripotency factors 
such as OCT4, NANOG, and PRDM14 (9, 22–24), as the 
knockdown of our candidates in ESC did not lead to Xist dere-
pression. Instead, our screen led us to identify a number of factors, 
which, when knocked down during iPSC-reprogramming, either 
resulted in reduced overall reprogramming efficiency and/or in 
fewer cells undergoing XCR through Xist regulation-independent 
mechanisms. While it was expected that genes that affect iPSC-re-
programming would also indirectly impact XCR efficiency, it was 
not known if the opposite holds true. In particular, there is an 
intricate feedback between X-inactivation and pluripotency exit, 
where dosage-sensitive X-linked genes need to be silenced by 
X-inactivation in order to promote ESCs to differentiate (62–64). 
The fact that we discovered genes like cohesins, whose knockdown 
would impair XCR without at the same time affecting iPSC-
reprogramming efficiency speaks at a first glance against a model, 
where XCR would be required for generating iPSCs. It rather 
suggests that iPSC-reprogramming and XCR are to some degree 
functionally separable processes. This can be explained by XCR 
being a relatively late reprogramming event (65), which occurs 
after early events such as expression of the pluripotency cell surface 
markers SSEA1 and EpCAM1 (50) and mesenchymal-to- 
epithelial transition (66, 67) leading to iPSC colony formation, 
which we used as our readouts for iPSC-reprogramming efficiency. 
Nevertheless, we still expect XCR to influence final iPSC quality, 
specifically when it comes to global DNA-methylation levels and 
MAPK-signaling, which are regulated by X chromosome dosage 
(62–64, 68, 69). Furthermore, XCR requires Xist downregulation 
(10, 19), which is controlled by pluripotency factor expression 
during iPSC-reprogramming (9, 22–24). This indicates that over-
all, XCR and pluripotency acquisition are tightly coupled during 
different phases of the iPSC-reprogramming process.D
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Fig. 5. Remodeling of intra- and intermegadomain distances on the active and inactive X chromosomes during iPSC reprogramming. (A) Diagram of the 
experimental setup using oligopaint probes for regions a, b (Left megadomain) and c (Right megadomain). Within each region, two subregions were labeled and 
detected (a1, a2, b1, b2, c1, and c2), the distances between subregions were scored and the shortest distances between probes of different subregions (bold 
black arrows) selected as a–b and b–c distances. (see SI Appendix, Fig. S5A for probe location in relation to TADs and compartments). (B) Violin plots of the shortest 
distances between a–b and b–c megadomains in LacZ control knockdown MEFs, day 8 of reprogramming and ESCs labeled with oligopaint probes. The shortest 
distances measured for each locus are plotted. Oligopaint signals belonging to Xa and Xi were classified based by the overlap with the H3K27me3-rich signal 
accumulated on the Xi (see SI Appendix, Fig. S5B for representative examples). Median ± IQR is displayed. ns P > 0.05, ****P ≤ 0.0001 for two-tailed unpaired t test. 
Numbers indicate the absolute number of counted cells. (C) Violin plots of the distances between a–b and b–c mega domains in LacZ-control and Smc1a-shRNA 
MEFs, labeled with oligopaint probes. The shortest distances measured for each loci are plotted. Oligopaints signals belonging to Xa and Xi were classified based 
on the overlap with the H3K27me3-rich signal accumulated on the Xi. Median ± IQR is displayed. ns P > 0.05, **P ≤ 0.01, for two-tailed unpaired t test. Numbers 
indicate the absolute number of counted cells. (D) Representative confocal images (maximum intensity projections) of LacZ- and Smc1a-shRNA MEFs, labeled 
with oligopaint probes for regions a (AF488, in green), b (AF647, in magenta) and c (AF488, pseudocolored in cyan). Nuclear areas are shown with a dashed line, 
Xa and Xi were classified based on the overlap with H3K27me3-rich signal accumulated on the Xi (AF568, in yellow) (Scale bars = 5 μm.) (E) Violin plots of the 
distances between a–b and b–c mega domains in LacZ-control cells at day 8 of reprogramming, labeled with oligopaint probes. The shortest distances measured 
for each loci are plotted. Oligopaints signals belonging to Xa and Xi were classified based on the overlap with the H3K27me3-rich signal accumulated on the 
Xi, which is present in XaXi prereactivation cells and absent in XaXa reactivated cells. Median ± IQR is displayed. ns P > 0.05, *P ≤ 0.05, for two-tailed unpaired 
 t test. Numbers indicate the absolute number of counted cells. (F) Representative confocal images (maximum intensity projections) of LacZ-control cells at day 8  
of reprogramming labeled with Oligopaint probes for regions A (AF488, in green), B (AF647, in magenta) and C (AF488, pseudocolored in cyan). Nuclear areas are 
shown with a dashed line, Xa and Xi were classified based on the overlap with H3K27me3-rich signal accumulated on the Xi (AF568, in yellow) (Scale bars = 5 μm.)  
(G) Violin plots of the distances between a–b and b–c mega domains in LacZ-control and Smc1a-shRNA ESCs, labeled with oligopaint probes. The shortest 
distances measured for each loci are plotted. Median ± IQR is displayed. ns P > 0.05, **P ≤ 0.01, for two-tailed unpaired t test. Numbers indicate the absolute 
number of counted cells. (H) Representative confocal images (maximum intensity projections) of LacZ-control and Smc1a-shRNA ESCs labeled with oligopaint 
probes for regions a (AF488, in green), b (AF647, in magenta), and c (AF488, pseudocolored in cyan). (Scale bars = 5 μm.)
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Our observation that cohesin knockdown did not interfere with 
iPSC-reprogramming initially surprised us considering the impor-
tance of cohesin for many essential cellular functions during cell 
cycle and genome regulation (35, 54, 55). Previous studies 
reported a role for cohesin in enabling long-range genomic inter-
actions, which promote the expression of pluripotency genes such 
as Nanog and OCT4 and in turn would affect iPSC-reprogram-
ming efficiency (36) or pluripotency maintenance (37, 38). 
However, studies based on reprogramming by cell fusion of dif-
ferentiated cells with pluripotent stem cells in the absence of cell 
proliferation reported that cohesins were not essential for pluri-
potency gene expression, but rather played a role during cell cycle 
progression and genome stability (39, 40). As in our knockdown 
experiments cohesins were depleted only partially (with about 17 
to 35% remaining at the RNA-level), this would leave high-
enough amounts for essential cohesin functions during cell pro-
liferation and pluripotency gene regulation intact without 
impacting iPSC reprogramming efficiency.

On the contrary, XCR and X chromosome structure were highly 
sensitive to the reduction in cohesin dosage during knockdown 
in our system (Fig. 6), in line with the key role cohesin plays for 
X chromosome structure and activity (29, 32). All cohesins we 
tested—SMC1a, RAD21 and SMC3—showed an almost identical 
reduction in XCR after knockdown, in accordance with their 
essential function for the cohesin complex (35, 54, 70). While Xist 
regulation seems not to be the main mechanism by which cohesins 
control XCR, it rather acts by modulating X chromosome struc-
ture. The Xi structure is characterized by an attenuation of loops/
topological domains and separation of the chromosome into two 
megadomains, while the Xa retains loops and topological domains 
but does not acquire megadomains (29, 30). Using STORM SR 
microscopy, we observed that SMC1a was enriched on the Xa 
when compared with the Xi at the individual nucleus 

level—thereby confirming what has been reported previously by 
bulk ChIP-seq analysis (29, 32). We found that the Xa, which is 
normally less compacted than the Xi, became more compact after 
Smc1a knockdown thereby erasing differences in X-area and intra-
chromosomal distances between the Xa and Xi in MEFs. A similar 
effect of cohesin depletion has been also reported for autosomes 
during mitosis (71), where cohesins were replaced after knock-
down by RB and condensin leading to hypercompaction of mitotic 
chromosomes. Future studies should clarify, if similar events 
involving other factors could be also the mechanism responsible 
for the compaction of the Xa after Smc1a knockdown in inter-
phase. Furthermore, it will be of interest to directly compare side-
by-side the effect of cohesin depletion on the Xa with autosomes 
in order to discriminate between Xa-specific and general effects.

In contrast to the compaction effect on the Xa in MEFs when 
depleting SMC1a, we observed no major changes to the overall size 
of the already compact Xi in the same cell. However, what we did see 
was a substantial reduction in the H3K27me3 territory on the Xi. 
Instead of covering the entire Xi territory as in controls, Smc1a knock-
down led to shrinkage of the H3K27me3 area concomitantly with 
intensification of the H3K27me3 signal within the chromosomal 
territory defined by X chromosome paint. It has been shown previ-
ously that the bipartite megadomain structure characteristic for the 
Xi (27–30) collapses after cohesin depletion (32). In turn this might 
lead to enhanced compaction of the Polycomb compartment, as com-
partment structures in general (72–75) and Polycomb-mediated 
interactions in particular (76, 77) are counteracted by cohesin and 
strengthened in its absence. As the Xi contains an underlying com-
partmentalization based on different chromatin types (H3K27me3 
vs. H3K9me2/3-based heterochromatin) (21, 33, 78), self-association 
of the Polycomb compartment on the Xi by phase separation, a feature 
of Xi chromatin (79–81), could be enhanced when cohesin is 
depleted. Although this phenomenon will need further examination, 
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Fig. 6. Schematic representation of the proposed model for SMC1a function in the remodeling of the X chromosomes and XCR during iPSC-reprogramming. 
Under control conditions (Top), MEFs have an Xa, which is larger in volume and bound by more SMC1a protein (green circles), than the Xi, where Xist RNA coating 
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XGFP as efficiently. The ? indicates that we did not assess the X chromosome structure in KD cells on day 8 and therefore can only speculate about it at this 
time point. At the end of reprogramming, wt iPSC colonies become mostly XGFP+, i.e., completion of XCR. In pluripotent stem cells (ESCs and iPSCS), the two Xa 
chromosomes reach their most relaxed state. Smc1a KD perturbs XCR/XGFP-reactivation in iPSCs and leads to restructuring of the Xa chromosomes in ESCs.
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it could potentially explain our observation of H3K27me3-domain 
size reduction on the Xi after Smc1a knockdown. It would be inter-
esting to investigate in future studies the effects of cohesin depletion 
on the distribution of H3K27me3 across the Xi and how this in turn 
may affect gene reactivation during reprogramming.

When we used Oligopaints to measure distances within and 
across megadomain regions during reprogramming, we found an 
increase in probe distances when the Xi has been reactivated, but 
even a greater, progressive increase in distances on the Xa when 
cells became pluripotent, consistent with a generally more relaxed 
chromatin state associated with pluripotency (60, 61) (Fig. 6). 
Like in MEFs, Smc1a knockdown in ESCs led to restructuring of 
the active X chromosomes, indicating that cohesin has important 
functions in shaping the Xa structure in both pluripotent and 
differentiated cells. As our current study examined the impact of 
cohesin depletion on X-structure in ESCs as pluripotent cell type 
but not directly in iPSCs, further analysis will be needed to con-
firm if the effects are equivalent or if differences exist.

What still remains open is how cohesin facilitates reactivation 
of X-linked genes during XCR, as cohesin can regulate chro-
matin structure and gene expression at multiple levels (35). 
Loops and topological domains are absent/strongly attenuated 
on the Xi (30, 31) due to Xist repelling cohesin and CTCF (29, 
32) and are reestablished with XCR during iPSC-reprogram-
ming (21). In our previous work, we have found that the kinet-
ics of TAD formation is not predictive of gene reactivation (21). 
Specifically, we found that TAD formation mostly precedes 
transcriptional reactivation and is therefore not dependent on 
it. Furthermore, we did not see any correlation between early 
forming TADs and early reactivating genes, which made us 
conclude that TAD formation and transcriptional reactivation 
are unlikely to be causally linked. Therefore, we believe that 
cohesin plays a TAD-independent role in gene reactivation dur-
ing XCR, while leaving open the role of cohesins in reestablish-
ing functional loops and other topological domains. Even while 
cohesin or CTCF depletion has only a modest impact on gene 
expression in the steady cell state (72, 82), another possibility 
is that cohesin could promote specific enhancer/promoter inter-
actions switching silent genes to an active state during XCR. 
Finally, XCR involves global chromatin changes such as the 
erasure of the polycomb-mediated H3K27me3 mark (7, 10, 
13). Cohesin is known to counteract chromatin compartmen-
talization (72–75) and in particular disrupt polycomb-mediated 
compartments (76, 77). Therefore, rebinding of cohesin to the 
Xi after Xist downregulation might facilitate the conversion of 
the polycomb/H3K27me3-rich facultative heterochromatin 
compartment into a transcriptionally permissive euchromatic 
A-compartment. A limitation of our present study is that we 
used XGFP and Hprt as proxies for X-linked gene reactivation. 
Therefore, we do not know if all X-linked genes rely equally on 
cohesin for their reactivation and to which extent the location 
in different chromatin environments might affect cohesin 
dependency. Further studies will need to clarify the exact mech-
anism of action of cohesin during XCR.

Overall, our study identifies the cohesin complex member 
SMC1a as a key factor involved in X chromosome structural 
changes and XCR during iPSC-reprogramming. We provide 
evidence that cohesin-mediated chromosome architecture 
remodeling plays an important role in switching the X chromo-
some from an inactive to an active state without impacting over-
all iPSC-reprogramming efficiency. We thereby demonstrate 

context-dependent and chromosome-specific functions for 
cohesin and provide the basis for further studies on the role of 
chromatin structure in transcriptional regulation.

Material and Methods

The information on mouse cell lines and culture conditions used in this study is 
provided in SI Appendix. List of candidate genes is available in SI Appendix, Table S1. 
Detailed experimental methods about iPSC induction, cell infection, RNA extraction, 
quantitative PCR, flow cytometry, immunofluorescence, and combined Oligopaint 
and immune labeling are also provided in the extended supporting information. 
Primers for qPCR analysis are listed in Dataset S4. Antibodies used in this study are 
listed in Dataset S5. Oligo sequences used to amplify and detect Oligopaint probes 
are provided in Dataset S6. shRNA information is listed in Dataset S7.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information. Previously published data were used for 
this work (GEO data series GSE208430, GSE4307).
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