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SUMMARY

Cohesin mediates sister chromatid cohesion and 3D genome folding. Two versions of the complex carrying
STAG1 or STAG2 coexist in somatic vertebrate cells. STAG2 is commonly mutated in cancer, and germline
mutations have been identified in cohesinopathy patients. To better understand the underlying pathogenic
mechanisms, we report the consequences of Stag2 ablation in mice. STAG2 is largely dispensable in adults,
and its tissue-wide inactivation does not lead to tumors but reduces fitness and affects both hematopoiesis
and intestinal homeostasis. STAG2 is also dispensable for murine embryonic fibroblasts in vitro. In contrast,
Stag2-null embryos die by mid-gestation and show global developmental delay and defective heart morpho-
genesis, most prominently in structures derived from secondary heart field progenitors. Both decreased pro-
liferation and altered transcription of tissue-specific genes contribute to these defects. Our results provide
compelling evidence on cell- and tissue-specific roles of different cohesin complexes and how their dysfunc-

tion contributes to disease.

INTRODUCTION

Cohesin is a four-subunit complex that holds the sister chroma-
tids together to ensure faithful DNA repair by homologous
recombination and proper chromosome segregation during
cell division (Morales and Losada, 2018; Nasmyth and Haering,
2009). It is present in all cells, and its cohesive function is essen-
tial for proliferation. In addition, cohesin contributes to the spatial
organization of the genome and to the activation and repression
of tissue-specific transcriptional programs together with archi-
tectural proteins such as CTCF and transcriptional regulators
like Mediator (Dowen et al., 2014; Faure et al., 2012; Kagey
et al.,, 2010; Merkenschlager and Nora, 2016). In the cohesin
complexes present in vertebrate somatic cells, the Structural
Maintenance of Chromosomes (SMC) heterodimer of SMC1A
and SMC3 associates with the kleisin subunit RAD21 and with
one of the two versions of the Stromal Antigen (SA/STAG) sub-
unit, namely, STAG1 or STAG2 (Losada et al., 2000). The two var-
iants are present in all tissues and cell types, but their functional
specificity is not well established (Cuadrado and Losada, 2020).

Gheck for
Updates

We previously showed that genetic ablation of Stag? in mice is
embryonic lethal, which indicates that the two complexes are
not redundant, at least during embryonic development (Reme-
seiro et al.,, 2012a). Lethality starts after embryonic day 11.5
(E11.5), but a small fraction of embryos survive to E18.5 and pre-
sent severe developmental delay and general hypoplasia (Reme-
seiro et al., 2012b).

In Stag1-null mouse embryonic fibroblasts (MEFs), telomere
cohesion is impaired, preventing efficient replication of telo-
meres and causing chromosome segregation defects in mitosis
(Remeseiro et al., 2012a). Centromere and arm cohesion are not
clearly affected, which suggests that cohesin-STAG1 is specif-
ically required for telomere cohesion, whereas cohesin-STAG2
contributes to cohesion in other chromosomal regions. Results
in human cells are in line with these findings, although the extent
of cohesion defects reported in the absence of STAG2 is variable
(Canudas and Smith, 2009; Kim et al., 2016; van der Lelij et al.,
2017; Mullenders et al., 2015). Specific contributions of cohe-
sin-STAG2 to DNA replication and repair have also been re-
ported (Kong et al.,, 2014; Meisenberg et al., 2019; Mondal
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et al., 2019). In any case, a single variant is sufficient, and neces-
sary, to maintain cell viability in culture (van der Lelij et al., 2017;
Liu et al., 2018; Remeseiro et al., 2012a).

Cohesin variants also contribute distinctly to genome organi-
zation and gene regulation. In Stag7-null MEFs, cohesin distribu-
tion and their transcriptome are altered (Remeseiro et al., 2012b).
In the pancreas of heterozygous Stag? mice, the architecture of
the Reg locus and the transcription of some of its genes are also
changed compared with those in the pancreas of wild-type (WT)
littermates, suggesting that STAG2 is not sufficient to compen-
sate for the reduced levels of STAG1 (Cuadrado et al., 2015).
In human mammary epithelial cells, downregulation of STAG1
or STAG2 results in distinct changes in gene expression and
chromatin contacts (Kojic et al., 2018). Cohesin-STAG1 and co-
hesin-STAG2 colocalize with CTCF and play a major role in the
preservation of topologically associating domain (TAD) borders.
In contrast, cohesin-STAG2 is also present at enhancers lacking
CTCF that are bound by other transcriptional regulators (Cua-
drado et al., 2019; Faure et al., 2012; Kojic et al., 2018; Sasca
et al., 2019) Importantly, cohesin-STAG1 cannot occupy these
non-CTCF cohesin sites even when STAG2 is absent (Kojic
et al., 2018). Specific distribution of the two cohesin variants
has also been reported in hematopoietic stem cells (HSCs), in
which the loss of STAG2 decreases the transcription of line-
age-specification genes and promotes stem cell renewal (Viny
et al., 2019). In mouse embryonic stem cells, cohesin-STAG2
promotes compaction of Polycomb domains and the establish-
ment of long-range interaction networks between distant Poly-
comb-bound promoters that are important for gene repression
(Cuadrado et al., 2019).

Germline mutations in genes encoding cohesin and its regula-
tory factors are at the origin of a group of human syndromes
collectively known as cohesinopathies. Cornelia de Lange syn-
drome (CdLS) is the most common of them, and up to 60% of
the patients carry heterozygous mutations in NIPBL, a protein
involved in loading cohesin on chromatin (Liu et al., 2009; Sar-
ogni et al., 2020). Clinical features often include growth retarda-
tion, intellectual disability, facial dysmorphism, and congenital
heart defects. Recently, germline mutations in STAG7 and
STAG2 have been identified in patients with features partially
overlapping those of CdLS and other cohesinopathies (Lehalle
et al., 2017; Mullegama et al., 2019; Soardi et al., 2017; Yuan
et al., 2019). Somatic mutations in cohesin genes, particularly
in STAG2, have also been identified in several tumor types (De
Koninck and Losada, 2016). STAG2 has been recognized as
one of the 12 genes significantly mutated in 4 or more cancer
types (Lawrence et al., 2014). Among them, STAG2 loss is
most frequent in urothelial bladder cancer (Balbas-Martinez
et al., 2013; Taylor et al., 2014). The evidence emerging from
the study of diseases associated with both germline and somatic
cohesin mutations strongly suggests that gene deregulation,
rather than defects in chromosome segregation, underlies the
pathogenic mechanism (Balbas-Martinez et al., 2013; Liu et al.,
2009; Mullenders et al., 2015).

Given the growing importance of STAG2 in human disease, we
generated a Stag2 conditional knockout (cKO) mouse strain to
identify specific functions of STAG2 at the cellular and organ-
ismal levels.
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RESULTS

Mild Cohesion Defects and Slower Proliferation in
STAG2-Deficient MEFs

First, we generated a cKO allele of the Stag2 gene, which is
located on the X chromosome (Figure S1). Next, Stag2 cKO
MEFs were isolated from E12.5 embryos resulting from mating
Stag2'°’'** females with males carrying hUBC-CreERT2 for
ubiquitous, tamoxifen-induced activation of the Cre recombi-
nase. Upon addition of 4-hydroxy-tamoxifen (4-OHT) to the cul-
ture medium, STAG2 protein levels in treated MEFs (KO) drop-
ped below 5% of the amount present in untreated MEFs (WT),
and compensatory upregulation of STAG1 could be observed
(Figure 1A). The doubling time of STAG2-deficient cells was
higher than the WT (Figure 1B), but flow cytometry analysis did
not reveal differences in the cell cycle profiles of WT and KO
MEFs (Figure 1C). A statistically significant increase in the per-
centage of caspase-3-positive cells was observed in the KO
MEF cultures (14% versus 3% in WT MEFs; Figure 1D), suggest-
ing a contribution of cell death to the higher doubling time. We
next examined sister chromatid cohesion and chromosome
segregation. For these experiments, Stag2 was deleted under
serum-starved conditions, and cells going through the first
mitosis after release from the GO arrest were collected. Very
few cases of severe cohesion defects (i.e., complete sister chro-
matid unpairing) were detected in metaphase spreads from WT
or KO MEFs (1.3% and 3% of chromosomes per metaphase
examined, respectively; Figure 1E, bottom left). However, we
did observe a larger fraction of chromosomes with mild cohesion
defects (i.e., increased distance between sister centromeres;
26% in KO versus 11% in WT MEFs; Figure 1E, bottom right).
We also found a ca. 2-fold increase in the percentage of
anaphase cells with lagging chromosomes and/or chromosome
bridges among KO MEFs compared with that of WT MEFs (29%
versus 17 %), although the difference did not reach statistical sig-
nificance (Figure 1F). Finally, we observed that the proportion of
metaphases with an abnormal chromosome number increased
the longer MEFs were grown in the absence of STAG2 (Fig-
ure 1G). Overall, these defects are milder than those identified
in Stag7-null MEFs (Remeseiro et al., 2012a) or in C2C12 myo-
blasts or Hela cells after STAG2 downregulation by small inter-
fering RNA (siRNA) (Canudas and Smith, 2009; Remeseiro et al.,
2012a). We conclude that primary cultured cells almost
completely lacking STAG2 can proliferate, although at slower
rates. They maintain sufficient cohesion to divide successfully
but mis-segregate chromosomes more frequently that WT cells.

STAGZ2 Inactivation in Adult Mice Does Not Lead to
Spontaneous Tumors

To determine whether STAG2 is essential in adulthood, male and
female 4-week-old Stag2 cKO mice carrying or not carrying the
hUBC-CreERT2 transgene (hereafter referred to as KO and WT,
respectively) were fed with a tamoxifen-containing diet (TMX).
We did not observe an acute loss of viability in the KO mice,
but long-term follow up revealed that their survival was signifi-
cantly shorter than that of WT mice (Figure 2A). At 12 weeks,
loss of the STAG2 protein was confirmed in a large fraction of
cells (> 80%) in all tissues from KO mice analyzed by



Cell Reports ¢? CellPress

A B 80 ns ns ns
Stag2°XY; CreERT2'T s hs NS
60
el e2 25 *%
WT KO WTKO ’ WT 40
e | o o
5 10 20 50 100100100100 o o , - 20
«©
Tewmw W [sTAG2 § 0
| - S KO Gl S G2M
‘ -—“--f-‘STAG1 :9 E .
c WT KO :
| B Roc2! B ; 2
o 1 59 " ‘ S 10
‘ T e -‘ MEK2 — T S8 &
1 2 3 4 5 days §g g 5
o °
E S = )
mild defect T—» WT Ko

[l severe defect

F
‘8‘ 30
E’ § [ normal
3 20 8 Il defective
£ [}
: S
5 10 N
O\O 0\0
0 * — -
WT KO normal ——— defectve ———
G 400 100 s 100
*k
2 80 80
8 60 60
g 40 40
()
--------- £ 2 20
e
o
o X

Chromosome number

L defective cohesion

Figure 1. STAG2-Deficient MEFs Display Slower Proliferation and Increased Rates of Chromosome Missegregation

(A) Immunoblot analyses of whole-cell extracts of Stag2-cKO MEFs from two embryos (e1 and e2) untreated or treated for 4 days with 4-OHT (WT and KO
hereafter). Decreasing amounts (shown as % of maximal) of WT MEF extract were loaded to estimate STAG2 depletion levels. MEK2 is used as a loading control.
(B) Growth curves of WT and KO MEFs representing the average fold increase in cell number relative to the number of cells seeded on day 1. Data are from MEFs
from 2 embryos, each analyzed in triplicates (mean + SEM).

(C) Representative BrdU incorporation profiles by fluorescence-activated cell sorting (FACS) in WT and KO MEFs, and bar graph showing values for n =4 (mean +
SEM).

(D) Representative FACS profiles of cleaved caspase 3 staining in WT and KO MEFs, and bar graph showing the fraction of apoptotic cells in n = 3 (mean + SEM).
(E) Representative metaphase spreads from Stag2-WT and -KO MEFs, and quantification (mean + SEM) of chromosomes showing centromeric cohesion defects
(severe or mild) At least 100 metaphases from MEFs from 3 different embryos were inspected. Scale bar, 10 um.

(F) Images of normal and defective anaphase cells found among WT and KO MEFs (left), and their quantification (right, mean + SEM). At least 100 anaphases from
MEFs from 3 different embryos were inspected. Scale bar, 5 um.

(G) Quantification of chromosome number frequency in metaphase spreads of WT and KO MEFs (mean + SEM). For the first time point, MEFs were serum starved
for 3 days in + 4-OHT and released for 36 h to reach the first mitosis; “4d” and “8d” indicate number of days asynchronously growing MEFs were kept + 4-OHT
cells before analysis. At least 100 metaphases from MEFs from 3 different embryos were inspected. Mann-Whitney test; ***p < 0.001, **p < 0.01, *p <0.05; ns, p >
0.05.

immunohistochemistry (Figure 2B, left panel; Figure 2C, first
point in the graph). However, over time, the fraction of STAG2-
negative cells dropped dramatically in the more proliferative tis-
sues (e.g., intestine and spleen) and to a lesser extent in tissues
with moderate (i.e., lymph node) or low proliferation rates (i.e.,
liver, pancreas or brain; Figure 2C; compare the labeling of
STAG2 in the lymph node and the pancreas of a 35-week-old
KO mouse in Figure 2B). These results suggest that recombina-
tion-mediated deletion of the Stag2 gene is incomplete and

disadvantageous to cells; as a consequence, WT unrecombined
cells rapidly outcompete mutant cells in highly proliferative tis-
sues. Similar results have been found in other genetic mouse
models (Hay et al., 2005; Ireland et al., 2004). Given the proposed
role of STAG2 as tumor suppressor, we searched for evidence of
malignancy in the KO mice. There were no preneoplastic or
neoplastic lesions in the full necropsies of KO mice (n = 13). Like-
wise, a macroscopic assessment failed to reveal neoplasms in a
large cohort of mice (n = 63) of up to 70 weeks age, indicating
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Figure 2. Effects of STAG2 Ablation in Adult Mice

(A) Kaplan-Meier survival curves of Stag2-KO and -WT mice. Four-week-old Stag2-cKO male and female mice carrying the Cre-ERT2 allele (KO; n = 63), or not
(WT; n = 66), were continuously fed on a TMX-containing diet and monitored thrice weekly. No sex differences in survival were observed. Gehan-Breslow-
Wilcoxon test; *p < 0.05.

(B) Representative images of STAG2 expression in sections of pancreas (P) and associated lymph node (LN) of KO mice at 12 (left) and 35 (right) weeks of age,
assessed by immunohistochemistry (IHC). Scale bar, 100 pm.

(C) Percentage of recombined STAG2-negative cells in various organs over time was assessed by IHC. Representative microphotographs were quantified with
ImagedJ software (3 micrographs per mouse; n = 3 to 6 mice depending on the time point). Error bars indicate SEM.

(D) Flow cytometry analysis of bone marrow HSPCs in 12-week-old KO mice (n = 6). Left, LSK (Lin— c-Kit+ Scal+); MP (Lin— c-Kit+). Right, CMP (Lin— c-Kit+
CD34+ CD1632—); GMP (Lin— c-Kit+ CD34+ CD1632+); MEP (Lin— c-Kit+ CD34— CD1632-). Error bars indicate SEM. Unpaired t test; *p < 0.05; ***p < 0.001.
(E) Flow cytometry analysis of bone marrow Ter119+ cells in 12-week-old KO mice (n = 6). Error bars indicate SEM. Unpaired t test; **p < 0.01.

(F) Colony-forming unit assay using FACS-sorted GFP and Tomato total bone marrow cells from 12-week-old KO mice (n = 5). Error bars indicate SEM. Unpaired t
test; **p < 0.01.

(G) Flow cytometry analysis of GFP+ (STAG2—) and Tomato+ (STAG2+) leukocytes in peripheral blood of KO mice over time (n = 5). Error bars indicate SEM.
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that Stag? inactivation on its own does not increase sponta-
neous tumor incidence in adult mice.

STAG2 Supports Normal Hematopoiesis in Adult Mice
Compared with controls, KO mice treated with TMX for 8 weeks
(starting at 4 weeks of age) displayed mild reductions in periph-
eral blood leukocyte, erythrocyte, and platelet counts, pointing
to anomalies in hematopoiesis (Figures S2A and S2B). We took
advantage of the dual-fluorescent Cre reporter (Rosa26_ACTB-
tdTomato_EGFP) carried by the KO animals to study the relative
abundance of the WT and KO hematopoietic populations: unrec-
ombined WT cells display cell-membrane-localized tdTomato
fluorescence, whereas Cre-recombinase-expressing cells and
their progeny display membrane-localized EGFP fluorescence.
Analyses of leukocytes from peripheral blood and spleen of KO
animals carrying the Stag2 cKO allele, the hUBC-CreERT2 trans-
gene, and the aforementioned Cre reporter revealed an enrich-
ment in myeloid cells (monocytes and neutrophils) and a signifi-
cant reduction in T lymphocytes among STAG2-deficient (GFP+)
cells compared with that of unrecombined (Tomato+) cells (Fig-
ure S2C). To address whether this phenotype was due to a
defect in hematopoiesis, we analyzed stem cell populations in
the bone marrow. A clear expansion of the LSK (Lin— Scal+ c-
Kit+) population and myeloid progenitor (MP) compartment
was associated with STAG2 loss (Figure 2D, left). Further anal-
ysis of MPs showed an increased frequency in common MPs
(CMPs) and granulocyte-monocyte progenitors (GMPs) and a
decrease in megakaryocyte-erythrocyte progenitors (MEPS)
among STAG2-deficient (GFP+) cells, in agreement with the find-
ings in peripheral blood (Figure 2D, right). Reductions in MEPs
paralleled a decrease in bone marrow Ter119+ erythroid cells
in KO mice (Figures 2E and S2D). Functional analyses revealed
a higher colony-forming capacity of STAG2-deficient hemato-
poietic cells than that of WT (Figure 2F), which is concordant
with the increase in LSK cells. The loss in lymphoid potential
might explain the reduced chimerism of mutant cells over time
in peripheral blood (Figure 2G). These results support the notion
that STAG2 loss leads to increased self-renewal and to impaired
differentiation of HSCs. We observe an increase in granulocyte
and macrophage populations at the expense of the erythroid
cells (myeloid skewing) and an overall competitive disadvantage
when WT HSCs are present. These data are consistent with
previous reports on the contribution of cohesin to normal hema-
topoiesis and the occurrence of cohesin mutations in myeloid
malignancies (Mullenders et al., 2015; Thol et al., 2014; Viny
et al., 2019). In contrast with the reduced proliferation of Stag2
KO MEFs, the enhanced self-renewal of Stag2 KO HSCs pro-
vides important evidence for supporting a STAG2 tumor sup-
pressor role as well as possible tissue-specific effects of Stag2
inactivation.

STAG2 Is Required for Intestinal Homeostasis

Shortly after the initiation of a TMX diet at 4 weeks, the survival
curve of KO mice diverted from that of WT mice (Figure 2A),
the former also showing reduced body weight (Figure 3A). Histo-
logical analyses of 8-week-old animals failed to reveal major al-
terations in tissues of KO mice with the exception of the intestine,
in which patches of epithelial erosion and necrosis were

¢ CellP’ress

observed. Moderate or severe lesions were present in 60% of
mutant mice, whereas WT mice showed much milder and less
abundant lesions (Figure 3B). We analyzed proliferation and
apoptosis in the small bowel: intestinal crypts from KO mice
showed a significant reduction of bromodeoxyuridine-positive
(BrdU+) cells (Figure 3C), suggesting reduced regeneration ca-
pacity. In addition, and in agreement with the findings in cultured
MEFs, we found a significant increase in apoptosis measured as
active caspase-3 labeling (Figure 3D). To acquire further insight
into the requirement of STAG2 for intestinal cell renewal, we
generated primary organoid cultures from the small intestine of
TMX-treated KO mice carrying the fluorescent reporter (Fig-
ure 3E, left). STAG2-null GFP+ cells yielded fewer and smaller or-
ganoids than STAG2 proficient Tomato+ cells (Figure 3E, right).
From these findings, we conclude that STAG2 is also required
for intestinal homeostasis.

Stag2-Null Embryos Display Developmental Delay by
E9.5 and Die Soon Afterward

To assess the effect of Stag2 inactivation in embryogenesis, Sta-
g2'o/°x females were crossed with males carrying the CAG-Cre
transgene, which codes for a Cre recombinase that is expressed
ubiquitously from the zygote stage. Because Stag2 is an X-linked
gene, male embryos resulting from this cross would be either WT
or null (KO) for Stag2, whereas females would be WT or hetero-
zygous (see genotyping strategy in Figure S1D). There were no
Stag2-null males among the offspring, whereas heterozygous fe-
males were born at sub-Mendelian ratio (Figure 4A, last column).
To determine at what point during embryonic development
STAG2 becomes essential, we extracted and genotyped litters
at different times after conception. We found live KO male em-
bryos at the expected Mendelian ratios at E8.5 and E9.5, but
not later (Figure 4A). In all studies presented hereafter, we
used exclusively male embryos, either WT or KO. Immunohisto-
chemical analyses of embryo sections with STAG2-specific an-
tibodies confirmed tissue-wide absence of the protein (Fig-
ure 4B). Importantly, E9.5 KO embryos were visibly smaller
than their WT littermates with variable penetrance of the pheno-
type (mild and severe examples shown in Figure 4C). To estab-
lish whether the growth delay is accompanied by developmental
delay, we counted somites along the dorsal axis of embryos ex-
tracted at E8.5, E9.5, and E10.5 (see detail in Figure 4C). Somite
number provides a reliable readout of developmental stage be-
tween E8 and E10.5. Although all embryos presented similar so-
mite counts by E8.5, a significantly reduced number of somites
was observed in mutant embryos by E9.5. By E10.5, the differ-
ence in somite counts between WT and KO embryos was equiv-
alent to a 1-day lag (Figure 4D). Thus, a loss of STAG2 causes a
generalized developmental delay, noticeable by E9.5 with vari-
able penetrance, and results in death by E10.5.

Aberrant Heart Morphogenesis in Stag2-Null Embryos

To identify developmental defects that could explain embryonic
lethality, we analyzed the histology of E9.5 KO embryos with
both mild and severe growth phenotypes (KO mild and KO se-
vere, respectively) and compared them with two different types
of WT controls: littermates (age-matched, WT1) and embryos
from different litters but with the same number of somites

Cell Reports 32, 108014, August 11,2020 5




- ¢ CellP’ress Cell Reports

A B WT KO
m Severe
- = Moderate
24 . =y & Mild
o1 O None
5 18] * A\ 100+ —
£ 157 - ] i ] 80
3 1o s
2 - WT 2 60
91 - KO g 40
g ()]
60 10 20 30 40 50 60 = 20{—
Age (weeks) ol i
WT KO
D (7]
‘gao = WT KO ‘% 507 e
o oo ¢ O 40 o
?J 60 ®e + 30 ~'
— Ll ..l m
S s0f X i b .
+ °° %’ n 20
'?o : «© ° L
% 20 %.? §' 101 ee ?..
m = IHC: cleaved caspase-3 © 0Ol-=m—oe—
DAPI BrdU 2 p 2 WT KO

STAG2+ STAG2-

E
Isolated crypt  Crypt sealing
g 2
— »
b he)
AR AN e} o
b '\ 4 R 3\ Cell sorting 8 g
1 Tomato g) E’)
S
7% e} e}
Proliferation — /
\ GFP
\“ >

Tomato GFP

Figure 3. Requirement of STAG2 for Intestinal Cell Renewal

(A) Weight of KO and WT mice over time (n = 18, WT; n = 18, KO). Error bars indicate SEM. One-sided Mann-Whitney U test; “p < 0.05; **p < 0.01.

(B) Representative images of H&E-stained small intestine sections of 8-week-old WT and KO mice (left) and semiquantitative assessment of severity of lesions
(right). Scale bar, 1 mm. (n =5, WT; n = 5, KO).

(C) Immunofluorescence analysis of BrdU (red) in sections of 8-week-old WT and KO intestine. Nuclei are counterstained with 4’,6-diamidino-2-phenylindole
(DAPI; blue). Scale bar, 25 um. The percentage of BrdU+ cells per crypt is shown in the graph on the right (n = 24, WT; n = 29, KO). Error bars indicate SEM. Two-
tailed Mann-Whitney U test; *p < 0.01.

(D) Immunohistochemical analysis of cleaved caspase-3 in sections of 8 week-old WT and KO intestine. Nuclei are counterstained with hematoxylin. Crypt region
is indicated by a dashed box. Scale bar, 50 um. The percentage of crypts per section showing cleaved caspase-3 staining is plotted on the right (n = 30, WT; n =
39, KO). Error bars indicate SEM. Two-tailed Mann-Whitney U test; ***p < 0.001.

(E) Experimental design for intestinal organoid generation (left). Confocal microscopy images of Tomato+ (STAG2+) and GFP+ (STAG2-) organoids (middle).
Scale bar, 100 pm. Quantification of the number and size of organoids (in pixels) obtained from cells sorted from primary intestinal organoids (5,000 cells/well)
(right). Error bars indicate SEM. Paired t test; **p < 0.001.

(stage-matched, WT2). Although KO severe embryos showed age-matched controls (see neural tube [NT] in Figure 5; see other
aberrant morphology of several structures, most tissues and or-  structures in Figure S3). A remarkable exception to this general
gans from KO mild embryos did not present obvious malforma- trend was a selective defect in the developing heart. At E9.5,
tions but were clearly more similar to stage-matched than to  the murine heart presents a multichambered conformation as a
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result of linear heart tube extension and looping (see scheme in
Figure 5A). Two prospective ventricles and two prospective atria
can be distinguished, although there is still no septation between
them. The inflow tract (IFT) in the posterior pole of the heart tube
allows blood to enter, and the outflow tract (OFT) is an extension
of the ventricle that allows blood to flow out and will become the
aorta and pulmonary trunk in an adult heart (Kelly et al. 2014).
Histological analyses of serial heart sections (Figures 5A and
5B) revealed a smaller right ventricle (RV) in KO mild embryos
than that in both controls, whereas no clear differences were
found in the left ventricle (LV; compare images for WT1, KO
mild, and WT2 under HCs [heart chambers] in Figure 5B). Quan-
tification of the ventricular area confirmed this observation;
although the RV was smaller in KO mild embryos than in both
age- (WT1) and stage-matched (WT2) controls (Figure 5C), the

somites

(C) Representative images of WT and KO male
embryos (mild and severe phenotypes) at E9.5 and
E10.5. Scale bar, 1 mm. A detail of the somites
apparent along the dorsal axis of the embryo is
shown at the bottom.

(D) Somite counts of WT and KO male embryos: 6
litters at E8.5 (n = 13, WT; n = 10, KO), 9 litters at
E9.5 (n =19, WT; n = 25, KO), and 4 litters at E10.5
(n=10, WT; n =10, KO). Two-tailed Student’s t test,
***p <0.001, *p < 0.01; ns, p > 0.05. The number of
somites expected at each stage of development is
indicated on the right.

LV was only smaller than age-matched
controls (WT1) due to general develop-
mental delay, but it was not different from
stage-matched controls (WT2) (Figure 5D).
The IFT of KO mild embryos appeared
normal, but the OFT showed an aberrant
rightward turning at the junction with the
ventricular myocardium (white arrowhead
in WT1 and KO mild under OFT in Fig-
ure 5B). Moreover, the length of the OFT
was significantly reduced in KO mild em-
bryos compared with that of both controls
(Figure 5E). The defects described above
were exacerbated in KO severe embryos,
which displayed distended atria and ven-
tricles with no visible indication of a future
septum between right and left chambers
(black arrowheads in WT1 and KO severe,
under HC, in Figure 5B), and abnormal RV development (asterisk
in Figure 5B). In these mutants, both the OFT and the IFT were
distended. Unlike at E9.5, when penetrance was variable, all
KO embryos displayed severe cardiac anomalies by E10.5, as
well as extensive necrosis and apoptosis (Figure 5F). Thus,
defective heart function may account for the embryonic lethality
of Stag2 KO embryos.

Decreased Proliferation in Stag2-Mutant Embryos

To shed light into the cellular mechanisms leading to the defects
described above, we first confirmed that both STAG1 and
STAG2 are expressed in the heart of E9.5 WT embryos by using
immunofluorescence (Figure S4). These findings are consistent
with reported data from single-cell RNA sequencing (RNA-seq)
of E8.25 murine embryos, which shows similar patterns of
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Figure 5. Heart Defects in Stag2-Mutant Embryos

(A) Scheme showing the different regions of an E9.5 embryonic heart and the approximate position and orientation of the transverse sections used for analysis in
(B).

(B) H&E-stained sections of KO (mild and severe), WT1 (age-matched control), and WT2 (stage-matched control) E9.5 male embryo neural tube (NT), heart
chambers (HCs), inflow tract (IFT), and outflow tract (OFT). RA, right atrium; LA, left atrium; AVC, atrioventricular canal; RV, right ventricle; LV, left ventricle. Black
arrowheads indicate the position of the prospective septum between right and left chambers. White arrowheads point at the OFT curve. Asterisk highlights the
small size of the RV in the KO severe embryo. Scale bars (valid for entire column), 100 um.

(C) RV size measured in H&E-stained sections (12 sections from 4 embryos per genotype) from E9.5 WT1 (age-matched control), KO (mild), and WT2 (stage-
matched control) male embryos. Mean + SEM are shown. Kruskal-Wallis test and Dunn’s multiple comparison post-test; ***p < 0.001, **p < 0.01, *p < 0.05; ns, p
> 0.05.

(legend continued on next page)

8 Cell Reports 32, 108014, August 11, 2020



Cell Reports

expression for both genes (Ibarra-Soria et al., 2018). We next
analyzed proliferation and apoptosis in E9.5 WT1, WT2, and
KO mild embryos to uncover primary defects. Heart sections,
as well as sections containing the NT for comparison, were
labeled with anti-phosphohistone H3 (H3P) to detect prolifer-
ating cells and with Terminal deoxynucleotidyl transferase deox-
yuridine triphosphate (dUTP) nick end labeling (TUNEL) to mark
apoptotic cells. To better identify the different heart compart-
ments, co-staining of Islet 1 (ISL1) was used. ISL1 is a transcrip-
tion factor expressed in anterior and posterior secondary heart
field (ASHF and PSHF, respectively) progenitors that is progres-
sively turned off in their descendants as they migrate into, and
populate, the heart tube through its anterior and posterior ends
(OFT and IFT, respectively; see scheme in Figure S5A; Cai
et al., 2003). The fraction of H3P-positive cells in the HCs (atria
and ventricles) was significantly lower in the mutants than in their
littermate age-matched WT1 controls but was similar to WT2
stage-matched controls (HC in Figures 6A, 6B, and S5B). These
differences were reproduced in ASHF and OFT, as well as in the
NT, whereas they were less prominent in PSHF and IFT (Figures
6A and 6B; Figure S5B). There was also increased apoptosis in
mutant NT and HCs compared with that of both controls,
although the number of TUNEL-positive cells was very low in
all cases and inter-individual variability was high (Figure 6C).
These results suggest that the global developmental delay
observed in Stag2 mutants at E9.5 is mainly due to a decrease
in the proliferative capacity of mutant cells.

Specific Defects in Secondary Heart Field Progenitors in
Stag2-Mutant Embryos

Although decreased proliferation might account for the global
growth delay observed in the heart (and other organs) in mutant
embryos, it failed to explain why morphological defects were
more evident in certain heart structures, i.e., the OFT and RV.
Interestingly, these structures derive from second heart field
(SHF) progenitors, whereas the LV derives from the first heart
field (FHF) progenitors (Kelly et al., 2014). More specifically,
ISL1+ progenitors present in the ASHF migrate into the heart
tube contributing to the OFT and RV (Figure S5A). We reasoned
that the reduced size of RV and OFT length observed in mutant
embryos compared with stage-matched WT2 controls (Figures
5C and 5E) could result from altered migration of ASHF progen-
itors (ISL1+) into the OFT. To test this possibility, we quantified
total cell numbers in heart sections as well as in the NT. We found
that in the NT, HC, and OFT, cellularity of KO mild embryos was
lower than that in WT1 and more similar to WT2 embryos (Fig-
ure 6D), consistent with their smaller size (Figure 5) and reduced
proliferation rates (Figure 6B). In contrast, cell numbers in the
ASHF were similar in KO and WT1 littermates (Figure 6D), despite
mutants showing a much reduced proliferation rate (Figure 6B).
Moreover, although the fraction of ISL1+ progenitors in ASHF
was similar in all embryos, it decreased in the OFT of KO mild
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embryos compared with that of both controls (Figure G6E).
Thus, impaired migration of ASHF progenitors into the heart
tube could explain the morphological defects in RV and OFT
observed in mutant hearts.

Altered Transcription of Cardiac Development
Regulators in Stag2-Mutant Embryos

To address whether gene regulation by cohesin could contribute
to the phenotypes described above, we compared the heart
transcriptomes of E9.5 Stag2-KO and -WT embryos by RNA-
seq. To exclude variation related to developmental stage, we
selected littermate embryos of both genotypes with a similar
number of somites. To identify tissue-specific changes, we ex-
tracted RNA from the heart and from the NT lying adjacent to
the heart. There were 1,881 differentially expressed genes
(DEGs; false discovery rate [FDR] < 0.05) between WT samples
of the two tissues, which we used to define a cardiac-enriched
and a neural-enriched gene set (1,116 and 765 genes, respec-
tively). Gene Ontology analysis confirmed the functional speci-
ficity of these gene sets (“cardiac” and “neural” genes, for
simplicity; Figure 7A; Table S1). STAG2 loss had a greater impact
on the heart transcriptome, as shown in the heatmap (Figure 7A).
Accordingly, pairwise comparisons between WT and KO sam-
ples for each tissue identified 846 DEGs in the heart but only 5
in the NT (FDR < 0.05; Figure 7B; Table S2). Among the DEGs
in the heart, there were 222 and 112 genes from the cardiac
and neural gene sets, respectively, indicating that tissue-specific
genes were preferentially affected by STAG2 loss (Figure 7C; Ta-
ble S1). Moreover, among heart DEGs, most cardiac genes were
downregulated, whereas the neural genes were upregulated
(Figure 7D). These findings agree with the proposed role of cohe-
sin-STAG?2 in tissue-specific transcription, promoting the activa-
tion of genes specifying a tissue (i.e., cardiac genes in heart) and
repression of alternative gene programs (e.g., neural genes in
heart) (Kojic et al., 2018). A closer look at the list of DEGs in
the heart revealed several cardiomyocyte markers and well-es-
tablished SHF regulators among the downregulated genes (Fig-
ure 7B, right). For instance, Fgf8 and Hand2 contribute to the sur-
vival of ASHF progenitors, whereas Wnt5a activity is critical for
their deployment into the OFT (Park et al., 2006; Sinha et al.,
2015; Tsuchihashi et al., 2011), consistent with the defects
described in the previous section. These data suggest that the
loss of STAG2 alters the expression of genes encoding important
regulators of heart remodeling by SHF progenitors. This finding,
together with decreased proliferation, likely contributes to the
observed defects in heart morphogenesis.

DISCUSSION
A major challenge in cohesin biology is to understand the spe-

cific functions of STAG1 and STAG2 (Cuadrado et al., 2019; Kojic
et al., 2018; Wutz et al., 2020). To address this question, we

(D) LV size, as in (C).

(E) The outer curve of the OFT was measured in 10-12 sections from 4 embryos of each genotype stained as shown in Figure 6. Mean + SEM are shown. Kruskal-
Wallis test and Dunn’s multiple comparison post-test; ***p < 0.001, *p < 0.05; ns, p > 0.05.
(F) H&E-stained transverse sections encompassing the NT and the heart of a WT and a KO male embryo at E10.5. Heart regions indicated as in (A). Scale bar,

250 pum.
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previously characterized a Stag7-KO mouse (Remeseiro et al.,
2012a, 2012b), and we have now generated a Stag2-KO mouse.
Recently, a study describing the consequences of Stag2 abla-
tion in the hematopoietic system of adult mice demonstrated a
specific role for STAG2 in balancing self-renewal and differenti-
ation in hematopoietic precursors (Viny et al., 2019). Here, we
describe instead the consequences of ubiquitous STAG2 elimi-
nation in embryos and adult mice.

Whole-body deletion of Stag2 in young mice does not result in
acute loss of viability, which suggests that STAG1 can largely
compensate for the lack of STAG2 postnatally. Efficiency of
Cre-mediated recombination of the Stag2-cKO allele was high
in adult tissues 8 weeks after Cre induction, but the fraction of re-
combined cells decreased notably over the subsequent weeks in
proliferative tissues despite continuous TMX administration. This
observation indicates a clear proliferative disadvantage of
STAG2-deficient cells and does not allow us to rule out that a
more severe phenotype might be disclosed upon achieving a
more complete or sustained depletion of STAG2. Consistent
with results obtained upon Stag2 deletion in HSCs by using
Mx1-Cre, ubiquitous deletion results in increased self-renewal
and defective lineage commitment in this compartment (Viny
et al., 2019). Our histopathological analyses also detected de-
fects in gastrointestinal tract homeostasis. This phenotype could
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Figure 7. Transcriptional
Stag2-Null Embryos

(A) Heatmap showing relative expression of 1,116
cardiac- and 765 neural-enriched genes in all sam-
ples. Gene sets were defined by differential expres-
sion between WT heart and WT NT samples.

(B) Heatmap of 846 DEGs in WT and KO heart sam-
ples. Among the downregulated genes, we highlight
some with established roles in cardiomyocyte differ-
entiation and SHF progenitors.

(C) Expected versus observed number of cardiac and
neural genes found among heart DEGs. Total number
of expressed genes was 21,653. Fisher’s exact test;
**** < 0.0001 (p < 2E-12).

(D) Boxplot of expression changes in the cardiac and
neural genes identified as DEGs in the heart. See also
Table S1.
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cardiac neural result from a decreased proliferation capac-
ity of the mutant cells, as suggested by our
findings using organoids, and/or from
altered regulation of the balance between
self-renewal and differentiation in the intes-
tine, as shown in HSCs. In fact, a recent
study shows that cohesin promotes repression of differentiation
genes in Drosophila intestinal stem cells to maintain stemness
and intestinal homeostasis (Khaminets et al., 2020). However,
TMX toxicity in the gut has been reported and was focused spe-
cifically in the stomach (Keeley et al., 2019). Thus, toxicity result-
ing from continued TMX administration—a condition used here
to avoid expansion of unrecombined Stag2 WT cells—may
also contribute to the intestinal phenotype. A more detailed anal-
ysis of the effects of STAG2 loss in the intestine, by using a vari-
ety of TMX administration protocols and a time course, is
warranted.

In contrast to the redundancy and functional compensation of
the STAG proteins in adult mice, embryos require both proteins
to complete development. Constitutive inactivation of Stag7 in
the germline is embryonic lethal and causes severe development
delay, with incomplete penetrance, but no obvious organ malfor-
mation (Remeseiro et al., 2012a, 2012b). In contrast, inactivation
of Stag2 in the germline leads to earlier lethality, starting at E9.5.
This phenotype is associated with a general developmental
delay and a dramatic effect on heart development with no
Stag2-null embryos surviving beyond E10.5. Histopathological
characterization of KO mild embryos revealed specific defects
in heart structures derived from the SHF, the RV, and OFT.
More detailed analyses detected an accumulation of progenitor

Figure 6. Reduced Cell Proliferation and Impaired Migration of ASHFs in the Developing Heart of Stag2-Null Embryos

(A) Representative transverse sections of H3P staining of E9.5 WT1 embryos. Top row: original immunofluorescence signal of DAPI (blue), H3P (red), and ISL1
(white, only shown in regions marked with *). Both morphological criteria and ISL1 staining were used to demarcate ASHF and PSHF regions. Bottom row: H3P
signal converted to a binary image, with representation of nuclei selection. Similar images for KO and WT2 embryos are shown in Figure S5. Scale bars, 100 um.
(B) Quantification of H3P-positive cells as readouts for proliferation in E9.5 male embryos. A total of 9-12 non-consecutive sections from 3-4 embryos were

analyzed per genotype and region.

(C) Quantification of TUNEL-positive cells as readouts for apoptosis in the same embryos. At least 10 sections from 3-4 embryos were analyzed per genotype and

region.

(D and E) Quantification of the total number of cells per section (D) and ISL1-positive cells (E) in the indicated regions. Same sections as in (B) were analyzed.
For (B)-(D), mean + SEM are shown. Kruskal-Wallis test and Dunn’s multiple comparison post-test; **p < 0.001, **p < 0.01, *p < 0.05; ns, p > 0.05.
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(ISL1+) cells in the ASHF of mutant embryos as well as their
reduced presence in the OFT. Impaired migration of ASHF pro-
genitors into the heart tube could account for these observa-
tions. Alternative explanations would be premature differentia-
tion or increased apoptosis of ISL1+ progenitors in the OFT of
the mutant embryos, but they would not account for the increase
in cell numbers in the ASHF. Interestingly, defects in the migra-
tion of progenitors has also been proposed as the cause of heart
defects in zebrafish and murine embryos after reducing the
levels of cohesin or its loader NIPBL (Muto et al., 2011; Santos
et al., 2016; Schuster et al., 2015). The transcriptomic changes
identified in the heart of KO embryos could contribute to this
defect, although the underlying cellular and molecular mecha-
nisms need to be identified. Increasing evidence supports the
notion that the presence of cohesin-STAG2 at enhancer ele-
ments independently of CTCF promotes cell-type-specific tran-
scription, a function that is not compensated by cohesin-STAG1
(Cuadrado et al., 2019; Kojic et al., 2018; Viny et al., 2019).
Consistent with this idea, we observed altered tissue-specific
transcription patterns in KO embryonic hearts, with a lower
expression of cardiac genes and de-repression of genes from
other lineages. Thus, we propose that defects in both prolifera-
tion and lineage specification contribute to the heart abnormal-
ities observed in the STAG2-deficient embryos. We cannot
ascertain whether these heart defects are the primary cause of
embryonic death. However, the heart is one of the first organs
to start differentiating in the embryo and the first one to become
functional (Bruneau, 2013). Impaired heart function would make
embryos unable to sustain further development, thus masking
defects in other organs arising later.

Cohesinopathy cases with STAG2 mutations have been re-
ported recently. Male patients display mild phenotypes, lack
heart defects, and carry missense variants. In contrast, ventric-
ular septal defects and other heart anomalies have been
described in female patients carrying loss-of-function or
missense variants (Lehalle et al., 2017; Mullegama et al., 2017,
2019; Soardi et al., 2017; Yuan et al., 2019). Because STAGZ is
an X-linked gene, the embryonic lethality of Stag2-null male mu-
rine embryos reported here explains why inactivating germline
mutations will most likely not be tolerated in males, whereas het-
erozygous females may survive through the selection of cells in
which the WT allele is not silenced by the X inactivation process.
Heterozygous female embryos resulting from mating Stag2'>/'°*
females with CAG-Cre males arrive normally to mid-gestation
(E12.5), but they are born at sub-Mendelian ratios, indicating
problems in the last stages of embryonic development (Fig-
ure 4A). Although the heterozygous females that are born appear
as healthy as their WT littermates, more specific studies will be
required to address the potential resemblance with the pheno-
types of female patients carrying heterozygous mutations in
STAG2.

In summary, here, we show the distinct functional properties of
STAG2 at the cellular and organismal levels in mice, compared
with those of STAG1. Cells lacking cohesin-STAG2 are viable
both in vitro (tissue culture) and in vivo (in embryos and adult tis-
sues), confirming that cohesin-STAG1 is sufficient to fulfill
essential cohesin functions (van der Lelij et al., 2017; Liu et al.,
2018). However, their decreased proliferation and altered tran-
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scriptomes lead to embryonic lethality, a result that provides
further compelling evidence for cell- and tissue-specific roles
of the two cohesin complexes and how their dysfunction may
contribute to disease. We speculate that genomic changes
derived from decreased accuracy of chromosome segregation
and/or DNA repair as well as transcriptional alterations affecting
cell identity and stem cell physiology may underlie the behavior
of STAG2 mutant tumors. Although inactivation of Stag2 in adult
mice did not increase tumor incidence in our study, similar to
other major tumor suppressor genes such as Cdkn2a or Rb
(Krimpenfort et al., 2001; Sharpless et al., 2001; Vooijs and
Berns, 1999), these mice will be useful to model the cooperation
of STAG2 mutations with other genetic alterations for promoting
tumorigenesis in a wide variety of cell types.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

MEK2 mouse monoclonal BD Cat# M24520

Rad21 rabbit polyclonal
STAG1 rat monoclonal
STAG1 rabbit polyclonal
STAG2 mouse monoclonal
BrdU-FITC

Lineage cocktail

Ly-6A/E (Sca-1)-PE-Cy7
CD117 (c-kit)-PerCP-Cy5.5
CD48-APC-Cy7

CD150 (SLAM)-BV510
CD34-e Fluor 660
CD16/32- BV605

CD11b (Mac1)-PE-Cy7
Ly6G-Dylight 450; conjugated in house
CD3e- PerCP-Cy5.5
CD45R (B220)-APC-Cy7
Streptavidin DyLight 405
Ter119-Pacific Blue

BrdU (MoBu-1)
Cleaved-caspase3 (ASP175)
H3P rabbit polyclonal

ISL1 mouse monoclonal

Carretero et al., 2013
Kojic et al., 2018
Remeseiro et al., 2012a
SCBT

BD

BD

BD

BioLegend

BioLegend

BioLegend
eBioscience

BD

BioLegend

BioXcell

BioLegend

BD

Jackson Immunoresearch
BioLegend

Santa Cruz

Cell Signaling

Millipore

DSHB Hybridoma Bank

N/A

N/A

N/A

Cat# SC-81852; RRID:AB_2199948
Cat# 556028; RRID:AB_396304
Cat# 558451

Cat# 558162; RRID:AB_647253
Cat# 105824; RRID:AB_2131597
Cat# 103432; RRID:AB_2561463
Cat# 115929; RRID:AB_2562189
Cat# 50034182; RRID:AB_10596826
Cat# 563006; RRID:AB_2737947
Cat# 101216; RRID:AB_312799
N/A

Cat# 100328; RRID:AB_893318
Cat# 552094; RRID:AB_394335
Cat# 016-470-084; RRID:AB_2337248
Cat# 116231; RRID:AB_2149212
Cat# 51514; RRID:AB_626519

Cat# 9661; RRID:AB_2341188)
Cat# 06-570; RRID:AB_310177
Cat# 39.4D5; RRID:AB_2314683

Chemicals, Peptides, and Recombinant Proteins

Prolong Gold Antifade Reagent

Life Technologies

Cat# P36930

Matrigel Corning Cat# 356231

Cell recovery solution Corning Cat# 354253
Dispase Il solution GIBCO Cat# 17105041
Formalin Sigma Cat# HT501128-4L
Biotin-16-dUTP Roche Cat# 11093070910
TRI reagent Sigma Cat# T9424
Critical Commercial Assays

Cytofix/Cytoperm kit BD Cat# 554722

FITC Active Caspase-3 Apoptosis kit BD Cat# 550480
Terminal Transferase recombinant kit Roche Cat# 03333574001
Deposited Data

RNA-seq datasets in mouse embryos This paper GEO: GSE152298
Experimental Models: Organisms/Strains

Stag2 conditional knockout mice This paper N/A
Tg9.hUBC-CreERT2 mice Ruzankina et al., 2007 N/A

Tg.CAG-Cre mice Belteki et al., 2005 N/A
Oligonucleotides

Primer Stag2 f1: TGGTGCTTGGGATCAGATTT This paper N/A

Primer Stag2 r1: TCCCTCATCAAAGTCGAAAA This paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Primer Stag2 r2: AACAGCCTGAGCAAAGAATCC This paper N/A

Primer Sry fwd: TGGGACTGGTGACAATTGTC Lambert et al., 2000 N/A

Primer Sry rev: GAGTACAGGTGTGCAGCTCT Lambert et al., 2000 N/A

Recombinant DNA

Stag2 targeting vector EUCOMM PG00032_A _D11-3

Software and Algorithms

GraphPad Prism (statistical analysis) GraphPad Software Inc https://www.graphpad.com/scientific-
software/prism/

Flow Jo v10.0.8 (flow cytometry analysis) Flow Jo LLC https://www.flowjo.com/solutions/flowjo

LAS AF v3.8 (imaging) Leica https://www.leica-microsystems.com/products/
microscope-software/p/leica-application-suite/

Definiens Developer XD v2.5 (imaging) Definiens Inc — AstraZeneca N/A

NIS Elements D3.2 and 4.30 (imaging) Nikon https://www.microscope.healthcare.nikon.com/
products/software/nis-elements

FIJI v1.52b https://imagej.net/Fiji

Lexogen Quantseq pipeline (RNA-seq analysis) BlueBee https://www.lexogen.com/store/quantseq-

data-analysis-bluebee-platform/

DESeq2 (RNA-seq analysis) Love et al., 2014 http://www.bioconductor.org/packages/release/
bioc/html/DESeq2.html

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Ana Los-
ada (alosada@cnio.es).

Materials Availability
Resources generated in this study are available upon request. Requests of Stag2 cKO mice should be addressed to A. Losada
(alosada@cnio.es).

Data and Code Availability
RNA-sequencing datasets have been deposited in the Gene Expression Omnibus (GEO) under the accession number GSE152298

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Generation of a conditional knockout allele for Stag2

The targeting vector PG00032_A_D11-3 (EUCOMM) containing loxP sites flanking exon 7 of the Stag2 gene and a SA-lacZ-Neo
cassette flanked by FRT sites integrated in intron 6 was electroporated into G4 mouse embryonic stem cells (Figure S1A). Clones
were selected in G418 and screened by Southern blotting for homologous recombination (Figure S1B). Positive clones were infected
with adeno-FLP to remove the selection cassette and create the conditional allele and microinjected into C57BL/6BrdCrHsd-Tyr
morulae. Germline transmitting chimeras were screened by PCR (primers f1: 5'-TGGTGCTTGGGATCAGATTT-3' and r1: 5'-
TCCCTCATCAAAGTCGAAAA-3') and selected to generate the colonies (Figure S1C). Mice carrying the Stag2 cKO allele were
crossed with mice carrying a tamoxifen inducible Cre-ERT2 allele (Tg.hUBC-CreERT2) for MEF isolation and adult mice viability as-
says or with a constitutively active Cre (Tg.CAG-Cre) to assess embryonic development and lethality (Figure S1D). All crosses were
maintained in a predominantly C57BL/6 background. To induce recombination in adult animals, 4 week-old mice were fed for variable
periods of time with a TMX-containing diet, as specified. For the experiments in adult animals, both male and female mice were
analyzed. For experiments in embryos, only male embryos were used, as explained in main text. All animal procedures were
approved by local and regional ethics committees (Institutional Animal Care and Use Committee and Ethics Committee for Research
and Animal Welfare, Instituto de Salud Carlos Ill) and performed according to the European Union guidelines.
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MEFs

MEFs were isolated from E12.5 embryos resulting from mating Stag2'®'** females with Tg.hUBC-CreERT2*'T males and genotyped
for Stag2 (with a mixture of primers f1, r1 and r2: 5'- AACAGCCTGAGCAAAGAATCC-3'), CreERT2 (fwd: 5'- TGAAGCTCCGGTTTT
GAACT-3'; rev: 5'- GGTTCTTGCGAACCTCATCAC-3') and the Sry Y chromosome marker (fwd: 5-TGGGACTGGTGACAATTGTC-3':
rev: 5'- GAGTACAGGTGTGCA GCTCT-3'). MEFs were cultured in DMEM supplemented with 20% FBS and 1% penicillin-strepto-
mycin and grown at 37°C under 90% humidity and 5% CO..

METHOD DETAILS

MEF characterization

For each experiment, MEFs derived from 2-4 different embryos were analyzed. To ablate STAG2 expression, conditional
Stag2'>/Y;CreERT2*'T MEFs were cultured in the presence of 1 uM 4-hydroxy tamoxifen (4-OHT) for 3-4 days and the efficiency
of depletion was assessed by immunoblotting. The same cells cultured without 4-OHT served as control.

To assess proliferation, MEFs pretreated for 4 days with 4-OHT were seeded at low confluence in multiwell plates (3 wells per time
point). In the following days, cells were collected and counted in a Neubauer hemocytometer.

For cell cycle analysis, MEFs grown for 4 days in medium with or without 4-OHT were collected after a 30 min pulse with 30 uM
BrdU, fixed and incubated with a FITC-conjugated anti-BrdU antibody and DNA was stained with 50 png/ml propidium iodide. To
study apoptosis, MEFs grown for 4 days in the presence of 4-OHT were collected (both adhered and floating cells) and fixed and
permeabilized using the BD Cytofix/Cytoperm kit (BD 554722). Cells stained with DAPI and the FITC Active Caspase-3 Apoptosis
kit (BD 550480) according to manufacturer instructions. Flow cytometry was performed in a FACS Canto Il cytometer and profiles
were analyzed using FlowdJo 10.0.8 software.

For analysis of mitotic defects, MEFs were serum-starved (0.1% FBS) for 3 days in the presence or absence of 4-OHT, switched to
medium supplemented with 20% FBS, and collected after 36 h. For chromosome spreads, 0.1 pg/ml colcemid was added to the
medium 3-4 h before harvesting. Cells were swollen in 0.03 M sodium citrate, fixed in methanol:acetic acid 3:1 and dropped onto
slides. For anaphase analysis, cells were seeded onto coverslips at the time of release from GO arrest. In both cases, cells were
stained with 1 pg/ml DAPI, mounted with Vectashield and imaged using a Leica DM6000 microscope with LAS AF software.

Histopathology and immunohistochemical (IHC) analyses of adult tissue sections

Tissues from adult mice were analyzed following standard histopathology procedures. Mice were sacrificed by cervical dislocation
and a complete necropsy was performed; the following tissues were analyzed histologically: bladder, pancreas and associated
lymph nodes, spleen, kidney, liver, lung, heart, brain, gastrointestinal tract, thymus, thyroid and parathyroid. WT littermates were
sacrificed and used as controls. Organs were fixed in 4% neutral buffered (pH 6.9) formaldehyde for 24 h and embedded in paraffin.
After standard H-E staining, sections were analyzed in a Leica DM5000B microscope by a trained veterinary pathologist and
histological findings were recorded. After scanning of histological slides (AxioScan 4.1, Zeiss), representative microphotographs
were taken.

IHC was performed on 2.5-um sections of formalin-fixed paraffin-embedded tissues, unless otherwise indicated. After deparaffi-
nization and rehydration, antigen retrieval was performed by boiling in citrate buffer pH 6 for 10 min and endogenous peroxidase was
inactivated with 3% H,O,—methanol for 30 min at room temperature (RT). Sections were blocked with 2% BSA in PBS and incubated
with anti-STAG2 and anti-cleaved caspase-3 (Asp175). After washing, the Envision secondary reagent (DAKO) was added for 40 min
at RT and sections were washed three times with PBS. 3,3’-Diaminobenzidine tetrahydrochloride (DAB) was used as a chromogen.
Sections were lightly counterstained with hematoxylin, dehydrated and mounted. A non-related IgG was used as a negative control.
STAG2 expression in sections of liver, pancreas, brain, spleen and intestine of KO mice was assessed by IHC at 12, 24, 35 and
60 weeks of age. Representative microphotographs were taken and quantified with Imaged software. For IF, after deparaffinization,
rehydration and antigen retrieval, sections were incubated with 3% BSA/0.1% Triton in PBS for 45 min at room temperature and incu-
bated with primary anti-BrdU overnight at 4°C. After washing with 0.1% Triton/PBS, an Alexa Fluor 555-labeled goat anti-rabbit Ig
secondary antibody was added for 45 min, sections were washed, and nuclei were counterstained with DAPI. After washing with
PBS, sections were mounted with Prolong Gold Antifade Reagent (Life Technologies, P36930). Images were acquired using a
confocal microscope (Leica, SP5).

Hematological analyses

Peripheral blood was extracted from the mouse cheek and collected in EDTA-coated tubes. Standard complete blood counts were
performed using an automated analyzer (Abacus Junior Vet, CVM Diagndstico Veterinario S.L, Navarra, Spain) according to the man-
ufacturers’ instructions. For the GFP/Tomato blood competition experiment, KO mice received a TMX diet from weaning and blood
was collected at 8, 12, 16, 20, 24 weeks of age. After RBC depletion using hypotonic lysis buffer, GFP or Tomato positive cells were
quantified on a LSRII Fortessa (BD and analyzed with FlowJo v10 software (Tree Star, Ashland, OR).
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Hematopoietic cell isolation and Flow Cytometry

Bone marrow was isolated from the tibia and femur; peripheral blood was obtained by cardiac puncture; spleens were disaggregated
and homogenized through a 70-um strainer; all these samples were incubated for 10 min in RBC lysis buffer and resuspended in PBS.
For the analysis of LSK and MPs, cells were incubated with the biotinylated lineage antibody cocktail (CD3e, B220, CD11b, Gr1 and
Ter119), together with streptavidin conjugated to DyLight 405, anti-Sca-1 (D7) -PE-Cy7 (BD), and anti- c-Kit (2B8) -PerCP-Cy5.5 for
30 min. For the analysis of myeloid progenitors, cells were incubated with the previous antibodies plus anti-CD34 -eF660 (RAM34)
and anti-FcyRIl/IIl - BV605 (2.4G2). For the analysis of bone marrow Ter119+ cells, cells were incubated with anti-Ter119-Pacific Blue
for 15 min. For the analysis of peripheral blood leukocytes (PBL) and splenocytes, cells were stained with anti-Ly6G -DyLight 405
(1A8, in-house conjugated), anti-B220 labeled with APCCy7 (RA3-6B2), and anti-Cd11b -PECy7 (Mac1) and anti-CD3e -PerCP-
Cy5.5 (145-2C11) for 15 min. Samples were collected on a LSRIl Fortessa (BD) and analyzed with FlowJo v10 software (Tree
Star, Ashland, OR).

In vitro colony-forming unit assays

To evaluate self-renewal capacity, 20,000 Tomato or GFP* bone marrow cells from Stag2 KO mice were FACS-sorted, seeded in
cytokine-supplemented methylcellulose tubes, and plated in duplicates in 35 mm culture dishes (NUNC A/S; Roskilde, Denmark).
Cultures were incubated at 37°C in a 5% CO, atmosphere. The number of CFU-Cs was scored on day 7 using an inverted micro-
scope. Cells were sorted with a FACSAria Instrument (BD).

Establishment of intestinal organoids

Small intestines of 8 week-old mice were opened longitudinally, washed with cold PBS supplemented with antibiotics and gently
scraped to remove villi. The tissue was chopped into around 5 mm pieces, further washed with cold PBS and antibiotic and incubated
in 8 mM EDTA with PBS for 5 min at RT and then for 30 min on ice. Tissue fragments were vigorously shaken with cold PBS. The
supernatant was enriched for crypts. This procedure was repeated twice and the supernatant joined. This fraction was passed
through a 70-um cell strainer (BD Bioscience) to remove residual villous material. Isolated crypts were centrifuged at 800 rpm for
3 min to separate crypts from single cells. The final fraction consisted of essentially pure crypts and was embedded in in growth fac-
tor-reduced and phenol red-free Matrigel (Corning, 356231). Matrigel-crypts suspensions (20 uL drops) were plated onto 6-well
plates, allowed to settle in a humidified incubator at 37°C/5% CO,, and overlaid with 2 mL of culture medium (Advanced DMEM/
F12 (Invitrogen)) containing growth factors (50ng/ml EGF (Peprotech), 500 ng/ml R-spondin (Sigma) and 100 ng/ml Noggin (Pepro-
tech)). Isolated crypts were allowed to close in culture medium for 2-4 days. For sorting experiments, Matrigel was removed with Cell
Recovery Solution (Corning, 354253) on ice and the cell suspension was washed with PBS, then with washing medium, and centri-
fuged at 1200 rpm for 5 min at 4°C. Then, sealed crypts were digested with Dispase Il solution (10 mg/mL) (GIBCO, 17105041) for 15-
20 min in a rotating wheel at room temperature. The digestion was stopped with 2 mM EDTA and single cells were obtained by me-
chanical disruption with a syringe with a 21G needle. Dissociated cells were passed through cell strainer and single, viable (DAPI’),
GFP* or Tomato™ cells were sorted by flow cytometry using an FACS Ariall (BD Biosciences). Sorted cells were collected in crypt
culture medium and embedded in Matrigel in 96-well plates (5000 cells/well) for the clonal growth experiments. Organoids were al-
lowed to grow for 7 days and images were acquired with a CCD-microscope. Three microphotographs in the Z axis were taken in
order to collect the majority of the organoids. Then, a Z stack was done using ImagedJ software. Quantification was performed
with tailored routines programmed in Definiens XD v2.5 software.

Hematoxylin and immunofluorescence staining of mouse embryo sections

Whole-mount embryos were dissected in PBS at RT and imaged using a Leica MZ10F microscope and LAS 3.8 software. DNA from
yolk sacs was used to genotype for Stag2 and Sry. Embryos were fixed in 10% formalin solution at pH 7 (Sigma HT501128-4L) over-
night at 4°C, dehydrated in an ethanol series and stored in ethanol 70% at 4°C until further processing. Embryos were embedded in
paraffin and sectioned transversely at 5-um. H-E staining was performed by standard procedures [WT1 (n = 3), KO mild (n = 4), WT2
(n=3) and KO severe (n = 2) at E9.5; WT (n = 3) and KO (n = 3) at E10.5]. Sections were imaged with a Nikon Eclipse 90i microscope
and NIS Elements D 3.2 imaging software.

Co-immunostaining for H3P-ISL1-TUNEL was performed using 4 embryos per genotype (WT1, KO mild and WT2). For TUNEL, the
Terminal Transferase recombinant kit (Roche 03 333 574 001) and biotin-16-dUTP (Roche 11 093 070 910) were used. Sections were
imaged with a Nikon A1R confocal microscope and NIS Elements 4.30 software. H3P signal was quantified with a custom-made Im-
agedJ macro, taking into account both late G2 and M-phase signals. Statistical significance was determined by Kruskal-Wallis test
and Dunn’s Multiple Comparison post-test using GraphPad Prism 5.03.

RNA-sequencing

Whole mount KO and WT embryos at E9.5 (21-23 pairs of somites) were placed in cold PBS. The whole heart along with surrounding
SHF regions and a section of heart-proximal neural tube were dissected, snap-frozen and stored at —80°C. Per genotype and region,
3 replicates were prepared pooling material from 3 embryos that were processed with TRI reagent (Sigma T9424) and homogenized
with syringe and needle (25-30G). Chloroform and phase lock tubes (QuantaBio 2302830) were used for phase separation and a sub-
sequent precipitation with ethanol was performed at —20°C. RNA samples were analyzed using a Bioanalyzer 2100 (Agilent) and the
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RNA 6000 Pico kit. Libraries were prepared using the QuantSeq 3' mRNA-seq Library Prep Kit FWD (Lexogen) and sequenced on an
lllumina HiSeq 2500 platform. For alignment and gene counting, we applied the Lexogen QuantSeq 2.2.3 pipeline provided by Blue-
Bee, designed for use with the libraries described above. We decided to remove one of the WT heart replicates due to initial inferior
RNA integrity and a failure to cluster with the rest of the WT heart samples. The differential expression analyses have been performed
with DeSeq2, excluding genes with no reads in any of the samples. Results were filtered by p value < 0.05 and FDR < 0.05. In the
heatmaps, color intensities correspond to the relative expression levels for each gene among conditions, normalized using the
mean and standard deviation.

QUANTIFICATION AND STATISTICAL ANALYSIS

Information about sample size and statistical test applied for each experiment can be found in the figure legends and in the Method
Details section. Difference between groups was defined as significant when p < 0.05.
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Figure S1. Generation of a Stag2 cKO allele, related to STAR METHODS.

A. Map of the vector obtained from EUCOMM to target the murine Stag2 gene.

B. Southern blot analysis (left) and strategy (right) to identify targeted ES clones.

C. PCR analyses to genotype the Stag2 lox and wild type (+) alleles in the offspring of the indicated mating.
D. PCR analyses to genotype the embryos obtained from the indicated cross, including the Y chromosome.
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Figure S2. Requirement of STAG2 for normal adult hematopoiesis, related to Figure 2.
A. Scheme depicting normal hematopoiesis.

B. Peripheral blood counts of 12 week-old KO and WT mice (n=16 mice/genotype). Error bars indicate SEM.
Two-sided Mann-Whitney U test; *P <0.05.



C. Flow cytometry analysis of GFP+ (STAG2-) or Tomato+ (STAG2+) leukocyte populations in peripheral
blood and spleen of 12 week-old KO mice (n=9). Monocytes (CD3- B220- CD11b+ Ly6G-); neutrophils
(CD3- B220- CD11b+ Ly6G+); B cells (CD3- B220+); T cells (CD3+ B220-). Error bars indicate SEM.
Unpaired t test; **P <0.01.

D. H-E staining of bone marrow from 12 week-old WT and KO mice shows a decrease in the erythrocyte
population (arrows) in KO mice. Scale bar, 50 um.



Dorsal Branchial Otic Optic

WT1

age-matched

KO
mild

WT2

stage-matched

KO
severe

Figure S3. Global developmental defects in Stag2 null E9.5 embryos, related to Figure 5.

H-E stained transverse sections of Stag2 null (KO, mild and severe), WT1 (age-matched control) and WT2
(stage-matched control) embryos extracted at E9.5. NT: neural tube. A: aorta. P: pharynx. HB: hindbrain. FB:
forebrain. Ot: otic vesicle. Op: optic vesicle. Scale bars (for entire column): 100 um for dorsal aortas,
branchial arches and brain; 25 um for otic and optic vesicles.
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Figure S4. Distribution of cohesin variants in the E9.5 embryo, related to Figure 6.
Immunofluorescence co-staining of STAGL1 (red), STAG2 (green) and DAPI (blue) in transverse sections
containing the heart of wild type E9.5 embryos. Scale bar, 200 pum.
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Figure. S5. Decreased proliferation in Stag2 null embryos, related to Figure 6.



A. Scheme depicting the migration of second heart field (SHF) progenitors into the heart tube of an E9.5
embryo. Early differentiating cardiac cells termed the first heart field (FHF) form the primitive heart tube (not
depicted). Starting at E8, additional cardiac progenitors are progressively added into the heart chambers:
anterior SHF (ASHF) progenitors add onto the arterial pole through the outflow tract (OFT) and posterior
SHF (PSHF) progenitors migrate into the venous pole, through the inflow tract (IFT). As they migrate into the
heart they differentiate into cardiomyocytes, which correlates with progressively lower expression of the
transcription factor Islet 1 (ISL1) (Kelly et al. 2014). While the left ventricle derives from the FHF (green),
the right ventricle derives from the SHF (orange).

B. Representative images of H3P staining and image processing in E9.5 WT1 (age-matched control), KO
(mild phenotype) and WT2 (stage-matched control) embryos. For each region and genotype are shown the
original immunofluorescence signals (top) of DAPI (blue), H3P (red) and ISL1 (white, only shown in regions
marked with *), and the binary H3P signal (bottom), with corresponding insets. Scale bars, 100 um.
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