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Cohesin is a multimeric protein complex that is 
very well conserved throughout evolution and 
across species and is critically important in me-
diating proper sister chromatid cohesion (SCC) 
and separation from S phase to M phase during 
mitosis (Hirano, 2005; Nasmyth and Haering, 
2009). The complex consists of four proteins 
Rad21, Smc1a, Smc3, and Stag2 (also known 
as SA-2) that form a ring structure that can 
physically wrap around the chromatin (Gruber 
et al., 2003). During the different phases of cell 
division, additional regulator proteins (e.g., 
NIPBL, HDAC8, and WAPL) are required for 
its proper function (Haarhuis et al., 2014). Co-
hesin’s ring structure is also essential for its  
additional functions, namely DNA repair and 
three-dimensional chromatin looping. The lat-
ter has been studied extensively in embryonic 

stem (ES) cells where cohesin controls core plu-
ripotency genes by assisting the looping of  
enhancers to specific promoters (Kagey et al., 
2010). Genome-wide studies have shown that 
cohesin predominantly co-occurs with CTCF 
on the chromatin of mammalian cells (Parelho 
et al., 2008; Wendt et al., 2008). Sites that are 
bound by both CTCF and cohesin were pro-
posed to serve as anchoring points for long-range 
genomic interactions (Dowen et al., 2014), sug-
gesting that cohesin together with CTCF dictates 
higher-order chromatin structure (Holwerda 
and de Laat, 2012). For instance, in ES cells it 
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The cohesin complex (consisting of Rad21, Smc1a, Smc3, and Stag2 proteins) is critically 
important for proper sister chromatid separation during mitosis. Mutations in the cohesin 
complex were recently identified in a variety of human malignancies including acute my-
eloid leukemia (AML). To address the potential tumor-suppressive function of cohesin  
in vivo, we generated a series of shRNA mouse models in which endogenous cohesin can be 
silenced inducibly. Notably, silencing of cohesin complex members did not have a deleteri-
ous effect on cell viability. Furthermore, knockdown of cohesin led to gain of replating 
capacity of mouse hematopoietic progenitor cells. However, cohesin silencing in vivo rapidly 
altered stem cells homeostasis and myelopoiesis. Likewise, we found widespread changes in 
chromatin accessibility and expression of genes involved in myelomonocytic maturation and 
differentiation. Finally, aged cohesin knockdown mice developed a clinical picture closely 
resembling myeloproliferative disorders/neoplasms (MPNs), including varying degrees of 
extramedullary hematopoiesis (myeloid metaplasia) and splenomegaly. Our results represent 
the first successful demonstration of a tumor suppressor function for the cohesin complex, 
while also confirming that cohesin mutations occur as an early event in leukemogenesis, 
facilitating the potential development of a myeloid malignancy.
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after the publication date (see http://www.rupress.org/terms). After six months 
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therefore limiting comprehensive investigations of cohesin in 
vivo (Xu et al., 2010; Seitan et al., 2011). In this study, we 
present the first successful in vivo loss of function murine 
models for distinct cohesin members. We have created RNAi 
mouse models that inducibly knock down Rad21, Smc1a, 
and Stag2 systemically.

We observed that induction of the shRNA in vivo resulted 
in an 80% loss of mRNA/protein expression that strikingly 
did not lead to adverse effects on proliferation. Moreover, 
cohesin knockdown leads to a shift in the hematopoietic stem 
compartment and increases the replating capacity of these 
cells. Over time, cohesin knockdown mice developed clini-
cal features of myeloproliferative disorders/neoplasms. We 
did not observe genomic instability in cohesin knockdown 
cells, suggesting that these phenotypes are caused by misregu-
lation of cohesin’s role on gene expression and genome orga-
nization. These findings provide the first in vivo evidence 
that cohesin governs adult stem cell homeostasis and myeloid 
development, potentially functioning as tumor suppressor in 
the hematopoietic system.

RESULTS
AML-derived cohesin mutations can impair  
core complex formation
To determine the effect of mutations found in AML patients 
on cohesin complex formation, we initially modeled selected 
mutations in vitro. We overexpressed wild-type and AML 
mutant cohesin proteins in 293T cells and used immuno-
precipitation to pull down the endogenous cohesin complex. 
As expected, all wild-type cohesin proteins strongly interact 
with the other members of the core complex. Strikingly, sev-
eral AML-derived mutations completely abrogated complex 
formation. This is most clear in the case of Rad21 (Fig. 1 A) 
and Stag2 (Fig. 1 B). The underlying reasons why these pro-
teins no longer interact with the other members of the  
complex could be diverse; in the case of Rad21, the short 
fragments appear to be unstable (Zhang et al., 2013). For 
Stag2, the C terminus of the protein has been reported to be 
important for protein function as it is the location of many 
phosphorylation sites and potentially the nuclear localization 
signal (Hauf et al., 2005; Solomon et al., 2011). Truncation 
of Stag2 will hence cause loss of the phosphorylation and po-
tential loss of nuclear localization. For Smc3, we noticed that 
one mutation (R245*) causes complete loss of complex for-
mation (Fig. 1 C) and a milder phenotype for some of the 
other mutations.

Cohesin silencing leads to increased replating capacity in vitro
We have shown that many recurrent cohesin mutations found 
in AML patients are likely to result in loss of function of the 
protein involved (Fig. 1). This is supported by large-scale se-
quencing efforts in AML samples (Kon et al., 2013), suggest-
ing such a function for cohesin mutations. For this reason, we 
chose an RNAi-mediated knockdown strategy to suppress 
endogenous cohesin proteins. We created between five and 
nine retroviral shRNA vectors for each of the cohesin core 

was shown that CTCF and cohesin help to establish borders 
of topologically associated domains (TADs), and these struc-
tures have been shown to play a major role in delimiting reg-
ulatory interactions (Dixon et al., 2012; Phillips-Cremins et al., 
2013; Dowen et al., 2014). Not surprisingly, suppression of 
cohesin leads to unfolding and relaxation of topological do-
mains (Sofueva et al., 2013; Mizuguchi et al., 2014). This 
implies that cohesin is an important regulator of transcription 
through genome-wide chromatin organization. Another way 
that cohesin regulates transcription is by acting as a docking 
site for transcription factors in cells that exit mitosis. Cohesin 
is one of the last protein complexes to leave the condensing 
chromatin in mitosis, serving as a cellular memory for tran-
scription factors to bind postmitotically (Yan et al., 2013).

Large-scale sequencing studies have identified mutations 
in the cohesin complex (Rad21, SCM1A, Smc3, Stag2, and 
NIPBL) in a variety of human malignancies, and its association 
with myeloid malignancies is particularly striking (Huether 
et al., 2014; Leiserson et al., 2015). Notably recurrent mutations 
have been observed in acute myeloid leukemia (AML) cases 
de novo AML and AML with myelodysplasia-related changes 
(10–20%), down syndrome–associated acute megakaryoblas-
tic leukemia (50% DS-AMKL), myelodysplastic syndromes 
(5–15%), and myeloproliferative neoplasms (MPNs; up to 
10%), as classified according to the 2008 WHO classification 
for hematopoietic and lymphoid tissue (Ding et al., 2012; 
Cancer Genome Atlas Research Network, 2013; Kon et al., 
2013; Nikolaev et al., 2013; Yoshida et al., 2013; Thol et al., 
2014; Thota et al., 2014; Lindsley et al., 2015). In addition, 
somatic mutations have been found in a wide range of solid 
cancers like bladder cancer (20%) and Ewing’s sarcoma (20%; 
Balbás-Martínez et al., 2013; Guo et al., 2013; Solomon et al., 
2013; Crompton et al., 2014; Tirode et al., 2014). Besides the 
aforementioned somatic mutations, germline mutations of 
cohesin have been described in patients with developmental 
syndromes, particularly Cornelia de Lange syndrome (CdLS; 
Mannini et al., 2013).

In general, mutations in different members of the cohesin 
complex appear to be mutually exclusive, suggesting that these 
proteins are not functionally redundant (Leiserson et al., 2015). 
Mutations in cohesin predominantly fall into two categories: in 
Rad21 and Stag2 genes many truncations and frame-shift mu-
tations are found, whereas in Smc1a and Smc3 genes mostly 
missense mutations are observed (Kon et al., 2013). In addi-
tion, genomic deletions for Rad21 and Stag2 are also identified 
in several tumor types (Rocquain et al., 2010; Solomon et al., 
2011). The genes coding for Smc1a and Stag2 are located on 
chromosome X, and as such, mutations in Smc1a and Stag2 are 
expected to have a stronger impact, as there is no wild-type 
copy present in tumors (Solomon et al., 2011).

All mutations rather appear to cause reduced or altered 
function, as a complete loss of function of any of the core com-
ponents of cohesin has proven to be incompatible with cellu-
lar proliferation and survival, as a result of their essential role 
in SCC (Xu et al., 2010). For example, homozygous knockout 
mouse models for cohesin exhibit early embryonic lethality, 
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of azurophilic/orangeophilic granules, whereas the more ma-
ture elements demonstrated a decrease in secondary granules. 
Mild nuclear cytoplasmic asynchrony as well as occasional 
myeloid/monocytoid elements with cytoplasmic vacuoliza-
tion were also noted, compatible with GCSF effect from the 
culture medium (Fig. 2 E).

To gain a better understanding of the underlying changes 
in gene expression changes, we performed RNA sequencing 
of cells obtained from the first and fifth plating in methylcel-
lulose (Fig. 2 F and Table S2). In agreement with protein  
expression data and the cellular phenotypes reported, we ob-
served higher expression of c-Kit and Sca1 mRNA in cohe-
sin knockdown cells compared with Renilla control cells. In 
addition, we observed that knockdown of all four cohesin 
members of the cohesin complex (Rad21, Smc1a, Smc3, and 
Stag2) resulted in comparable changes in gene expression, as 
is to be expected of members of such a nonredundant com-
plex with presumably similar function (Fig. 2 F).

Although a prior study confirmed that cohesin gene mu-
tant AML samples are largely cytogenetically normal (Cancer 
Genome Atlas Research Network, 2013), we wanted to rule 
out that cohesin knockdown causes severe effects in proper 
sister chromatid separation, leading to genomic instability. 
We thus analyzed metaphase spreads from cells from the first 
plating in methylcellulose and observed some metaphase 
spreads that showed typical loss of SCC (Fig. 2 G). Next, we 
quantified the number of metaphases that demonstrate this 
loss of SCC phenotype, which appeared to be a minority of 
cells in the culture (<15%; Fig. 2 H). This was not surprising 
as the majority of the cells were actively cycling and we did 
not observe massive cell death (not depicted). Moreover, we 
noticed that the loss of SCC phenotype seems to be counter-
selected over time (not depicted). These observations could 
explain the absence of any significant karyotype changes in 
cells that were obtained from the first methylcellulose plating 
(in the course of the experiment, these cells were proliferating 

complex genes: Rad21, Smc1a, Smc3, and Stag2 (Table S1). 
We chose a vector that expresses GFP in combination with 
the shRNA, enabling us to track cells expressing the shRNA. 
After cloning, these vectors were tested for their knockdown 
efficiency (not depicted). We selected two shRNA vectors 
for each Rad21, Smc1a, Smc3, and Stag2 gene that suppressed 
the endogenous mRNA efficiently but not completely (75–
90%), as we expected that a complete knockdown would be 
detrimental to the cells. First, we investigated what the effect 
of cohesin knockdown is on hematopoietic stem and pro-
genitor cells. Therefore, we transduced mouse bone marrow 
c-Kit+ hematopoietic progenitor cells with retroviral shRNA 
vectors for Rad21, Smc1a, Smc3, and Stag2. The infected cells 
were plated in methylcellulose for CFU assays (Fig. 2 A). 
Although control infected cells (shRNA targeting Renilla) 
yielded colonies for only two rounds of plating, all cohesin 
knockdown cells continued forming colonies after at least 
five rounds of plating in methylcellulose. This phenotype was 
reproducible and was validated using multiple independent 
shRNAs for the cohesin subunits (not depicted). Further-
more, the selected cells proliferated in liquid culture for 
prolonged periods of time (not depicted). We confirmed 
by quantitative real-time PCR (qRT-PCR) that shRNA- 
infected cells indeed demonstrated a strong reduction of en-
dogenous cohesin transcripts (Fig. 2 B). Cohesin knockdown 
demonstrated decreased expression of the differentiation 
markers Cd11b and Gr1 (Fig. 2 C). This finding was coupled 
with increased c-Kit and Sca-1 expression as early as the first 
plating (Fig. 2 D).

Microscopically, we observed progressing cytomorpho-
logic changes in the CFU assays. After several rounds of plat-
ing in methylcellulose, the cohesin knockdown cell population 
demonstrated a left shift in myelopoiesis, including a mild 
increase in mast cells, basophils, and eosinophils. The precur-
sor cells exhibited slightly abnormal granulation, including lu-
cent primary granules in conjunction with variable amounts 

Figure 1.  Cohesin mutations in AML 
cause loss of function and disrupt core 
complex formation. (A) Flag-tagged wild-
type and AML patient mutants of Rad21  
were transfected in 293T cells. After immuno
precipitation with Flag-beads, Western blot 
analysis was performed for endogenous 
Smc1a, Smc3, and Stag2 protein. Some Rad21 
fragments (E212* and L255*) are poorly  
expressed, possibly because of degradation 
(Zhang et al., 2013). (B) Flag-tagged wild-type 
and AML patient mutants of Stag2 were 
transfected in 293T cells. After immuno
precipitation with Flag-beads, Western blot 
analysis was performed for endogenous 
Rad21, Smc1a, and Smc3 protein. Stag2  
mutants R614* and H738* are known to be 
aberrantly localized to the cytoplasm; this is 

possibly the case for Q801* as well (Solomon et al., 2011). (C) Flag-tagged wild-type and AML patient mutants of Smc3 were transfected in 293T cells. 
After immunoprecipitation with Flag-beads, Western blot analysis was performed for endogenous Rad21, Smc1a, and Stag2 protein. Dashed line indicates 
intervening lanes were spliced out.
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to acquire the ability to self-renew in vitro. Such de novo re-
plating capacity is frequently reported when putative AML 
tumor suppressors have been altered or silenced (Lee et al., 
2007; Moran-Crusio et al., 2011; Quivoron et al., 2011).

for 14 d; Fig. 2 I). Overall, these studies suggest that not 
only hematopoietic stem and progenitor cells could survive 
when the expression of distinct cohesin members was signifi-
cantly (but not totally) reduced, yet these same cells appeared 

Figure 2.  Cohesin knockdown cells acquire replating capacity in vitro. (A) Mouse c-Kit+ cells were infected with retroviral shRNA vectors tar-
geting Rad21, Smc1a, Smc3, and Stag2. Infected cells were seeded in methylcellulose and replated for five passages. (B) qRT-PCR to assess knockdown 
of Rad21, Smc1a, Smc3, and Stag2 shRNA–infected cells after the first plating in methylcellulose. (C and D) Quantification of flow cytometry analysis 
of Smc1a knockdown cells after the first (P1) and fourth plating (P4). Cells were stained for myeloid differentiation markers (Cd11b and Gr1; C) and 
stem cells markers c-Kit and Sca1 (D). (E) Morphology of Renilla and cohesin knockdown cells (as indicated) after the first and third plating in methyl-
cellulose. (F) RNA-seq analysis of cohesin knockdown cells after the first (CFU P1) and fifth (CFU P5) plating in methylcellulose. Heat map shows genes 
that are significantly differently expressed (P < 0.05). (G) Metaphase spreads of control and Smc1a knockdown cells after the first plating in methyl-
cellulose. (H) Quantification of fraction of metaphases that show loss of SCC in control and cohesin knockdown cells after the first plating in methyl-
cellulose. (I) Quantification of number of chromosomes as counted in metaphase spreads of control and cohesin knockdown cells after the first 
plating in methylcellulose. Error bars indicate SD.
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a tetracycline (Tet)-responsive element (TRE; Fig. 3 C). This 
shRNA animal model can subsequently be crossed to variants 
of Tet transcriptional activators (tTAs) or reverse tTAs (rtTAs). 
The resulting mouse model allows for inducible, reversible, 
and traceable expression of shRNAs in vivo. We generated 
shRNA mice for three members of the cohesin complex, 
Rad21, Smc1a, and Stag2. These cohesin shRNA mice were 
crossed to a ROSA26(M2rtTA/+) mouse to achieve ubiquitous 
and inducible systemic cohesin knockdown. To test this  
system, we provided doxycycline-enriched nutrition and 
checked for GFP expression in the bone marrow after 10 d. 
In all three cohesin shRNA mouse models GFP expression 
was robust (Fig. 3 D). No obvious differences were observed 
between control (Renilla) and cohesin shRNA in bone mar-
row, peripheral blood, spleen, and thymus (Fig. 3, D and E).  
As we used a systemic rtTA model, we also confirmed GFP 
(shRNA) expression (by immunohistochemical evaluation) in 
a variety of nonhematopoietic organs, including liver, skin, and 
intestine (not depicted). Next, we tested whether these high 
levels of GFP expression corresponded to efficient knockdown 

Generation of in vivo loss of function cohesin animal models
Encouraged by the results from our in vitro experiments 
using retroviral-mediated cohesin knockdown, we decided 
to model cohesin loss of function in vivo. First, we analyzed 
cohesin expression in a subset of cell types of the mouse bone 
marrow. As expected, for a protein complex that is essential 
for mitosis, little variation was detected in hematopoietic 
stem cells (HSCs), immature progenitors, and myeloid pro-
genitors (Fig. 3 A). Strikingly, large differences were observed 
in more mature cell populations within the bone marrow. 
Cohesin expression was markedly lower in myeloid cells 
(Cd11b+/Gr1+) and moderately significantly increased in ba-
sophilic erythroblasts (CD71+/Ter119+) when compared with 
B cells (B220+; Fig. 3 B).

To achieve effective and reversible cohesin knockdown in 
vivo, we used a recently developed shRNA mouse approach 
(Premsrirut et al., 2011; Takiguchi et al., 2013; Bolden et al., 
2014). In these animals, a single copy of an shRNA embed-
ded in the 3 untranslated region (UTR) of a GFP transgene 
is knocked in at the collagen (Col1a1) locus downstream of 

Figure 3.  Creation of mouse models  
for in vivo cohesin loss of function.  
(A) qRT-PCR for cohesin core subunits (Rad21, 
Smc1a, Smc3, and Stag2) in the stem cell  
and progenitor compartment of mouse bone 
marrow. Cells were sorted as follows: LT-HSC 
(Lin/c-Kit+/Sca1+/CD150+), short-term HSC  
(ST-HSC; Lin/c-Kit+/Sca1+/CD48/CD150), 
MPP1 (Lin/c-Kit+/Sca1+/CD48+/CD150+), MPP2 
(Lin/c-Kit+/Sca1+/CD48+/CD150), GMP (Lin/
c-Kit+/Sca1/FcRII/III+/CD34+), common myeloid  
progenitor (CMP; Lin/c-Kit+/Sca1/FcRII/III/ 
CD34+), megakaryocyte-erythrocyte progeni-
tor (MEP; Lin/c-Kit+/Sca1/FcRII/III/CD34), 
and megakaryocyte progenitor (MkP; Lin/c-
Kit+/Sca1/CD150+/CD41+). (B) qRT-PCR for  
the cohesin subunits in bone marrow myeloid, 
erythroid, and B cells (n = 3). Cells were sorted  
from mouse bone marrow as follows: B cells 
(B220+), myeloid cells (Cd11b+/Gr1+), and eryth-
roblasts (CD71+/Ter119+). RNA was extracted 
and qRT-PCR performed for the indicated genes.  
(C) Schematic of loci used in an shRNA mouse. 
The ROSA26 locus drives constitutive expression 
of an M2rtTA transgene. Upon addition of doxy-
cycline, the TRE in the Col1a1 locus is activated, 
which leads to expression of the shRNA, which 
is located in the 3 UTR of GFP. (D) GFP expres-
sion after 10 d of doxycycline exposure in mouse 
total bone marrow of the indicated genotypes  
as measured by flow cytometry. (E) Mean fre-
quency of GFP-expressing cells as measured  
by flow cytometry in the organs indicated.  
(F) Western blot analysis of total thymocytes 
from two to three individual animals (treated 
with doxycycline for 10 d) per genotype 
(Ren(shRNA/+), Rad21(shRNA/+), Smc1a(shRNA/+), and 
Stag2(shRNA/+)). Error bars indicate SD.
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separation (Fig. 4 D). Finally, we sought to verify that the  
in vivo reduction of Rad21, Smc1a, and Stag2 is comparable 
with retroviral knockdown in our previous experiments. 
To test this, we plated bone marrow from Rad21(shRNA/+), 
Smc1a(shRNA/+), and Stag2(shRNA/+) mice in methylcellulose. 
Bone marrow from all three cohesin shRNA mice replated 
for four passages (compared with two for Renilla bone mar-
row; Fig. 4 E). These results indicate that significantly reduced 
expression of cohesin can be tolerated in vivo, providing us 
with the ability to further probe for cohesin functions in stem 
cell differentiation and transformation.

Cohesin silencing leads to alterations  
in myeloid/erythroid differentiation
To monitor progressive changes in the hematopoietic system 
of cohesin knockdown mice, we generated a cohort of Tet-on 
rtTA shRNA animals that were continuously exposed to 
doxycycline starting at 6 wk of age. At several time points we 
performed whole body necropsy on these animals followed 
by a thorough analysis of the hematopoietic system. First, we  
confirmed that GFP (and therefore shRNA) expression is stable 
over time in the mouse models we generated. We analyzed 
frequency of GFP-expressing cells in the hematopoietic or-
gans of mice that were exposed to doxycycline for 30 d. In all 
organs, GFP expression remained stable; interestingly, we 

in various cellular compartments. We tested knockdown of 
the mRNA in the thymus (T cells and progenitors) by Western 
blot analysis (Fig. 3 F).

In addition, we tested knockdown of the mRNA and 
protein in the bone marrow using Western blot and qRT-
PCR (Fig. 4, A and B). Strikingly, in the Smc1a(shRNA/+) mice 
we not only observed a strong reduction of the intended 
mRNA (Smc1a), but also a significant decrease of the associ-
ated protein members of the cohesin complex, reminiscent of 
studies in different cellular systems (Vass et al., 2003; Laugsch 
et al., 2013). Despite this significant reduction of cohesin 
protein levels, FACS analysis of control and cohesin knock-
down mice did not detect significant differences in peripheral 
blood cellular/mononuclear elements (Fig. 4 C). Likewise, 
no differences in complete blood counts of cohesin mice 
were observed at this stage (not depicted).

Furthermore, we did not detect gross chromosomal insta-
bility when we compared karyotype analysis of c-Kit+ progen-
itor cells of Renilla(shRNA/+), Rad21(shRNA/+), Smc1a(shRNA/+), 
and Stag2(shRNA/+) animals (not depicted). This can be explained 
by the fact that despite efficient knockdown of Rad21, Smc1a, 
or Stag2, the remaining proteins will continue to form a func-
tional cohesin complex. We then evaluated this hypothesis 
with Smc1a and confirmed that the remaining Smc1a protein 
formed a complex with Smc3, allowing proper sister chromatid 

Figure 4.  Efficient in vivo silencing of 
cohesin does not lead to acute pheno-
types. (A) GFP+ cells were sorted from  
total bone marrow from Renilla(shRNA/+), 
Rad21(shRNA/+), Smc1a(shRNA/+), and Stag2(shRNA/+) 
mice (n = 2). Protein was extracted and blotted 
for the indicated antibodies. (B) Erythroid 
progenitors (GFP+, CD71+/Ter119+) were FACS 
sorted from bone marrow of mice (n = 3) that 
were exposed to doxycycline for 10 d. qRT-
PCR was performed (using Actin B as refer-
ence), and cohesin knockdown was compared 
with Renilla control animals. (C) Animals  
(n = 9) were exposed to doxycycline for 10 d 
and blood was drawn. FACS analysis is shown 
for B (B220+), T (CD3+), and myeloid cells 
(Cd11b+/Gr1+). (D) c-Kit+ cells from 
Renilla(shRNA/+) and Smc1a(shRNA/+) mice were 
cultured for 6 d. Smc1a protein was immuno-
precipitated and blotted for indicated anti-
bodies (IP, immunoprecipitation; FT, flow 
through). (E) Bone marrow of Renilla(shRNA/+), 
Rad21(shRNA/+), Smc1a(shRNA/+), and Stag2(shRNA/+) 
mice (n = 3) was plated in methylcellulose 
containing doxycycline and replated for four 
passages. Error bars indicate SD.
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a phenomenon observed in several preleukemic mouse mod-
els (Moran-Crusio et al., 2011; Celik et al., 2015).

Next, we investigated the bone marrow, where we ob-
served a decrease in the Ter119+ cell population in the GFP+ 
bone marrow of Rad21(shRNA/+) and Smc1a(shRNA/+) animals 
(Fig. 6 A). The increase in myeloid element in the spleen and 
bone marrow prompted us to investigate the progenitor com-
partment in the bone marrow of affected animals. Here, we no-
ticed an expansion in the frequency of granulocyte-macrophage 
progenitors (GMPs; Lineage/c-Kit+/Sca-1/Cd34+/FcRII/III+) 
in the GFP+ population of Rad21(shRNA/+) and Smc1a(shRNA/+) 
mice (Fig. 6, B and C). This was accompanied by a decrease in 
megakaryocyte-erythrocyte progenitors (Lineage/c-Kit+/
Sca-1/Cd34/FcRII/III; Fig. 6, B and C).

An additional phenotype we observed was an increase in 
nuclear size in sorted Lineage/c-Kit+ progenitor cells (Fig. 6, D 
and E). The exact cause and/or consequence of this phenom-
enon is unknown, but it has been previously associated with 
cohesin loss of function in other cell types (Hoque and 
Ishikawa, 2002; Sofueva et al., 2013). The apparent increase in 
nuclear size was also seen in other elements of the hemato-
poietic system of cohesin knockdown mice (not depicted). 
Of note, the increase in nuclear volume was not associated 
with increase of genomic material or instability, as confirmed 
by conventional cytogenetic analysis on metaphase spreads, 

observed an increase in frequency of GFP-expressing cells in 
the spleen of Smc1a(shRNA/+) animals (Fig. 5 A). This prompted 
us to further investigate the lineages present in the spleen, 
bone marrow, and blood of Rad21(shRNA/+), Smc1a(shRNA/+), 
Stag2(shRNA/+), and Renilla(shRNA/+) control mice. Indeed, lin-
eage skewing was apparent by FACS analysis (Fig. 5 B) and 
peripheral blood mononuclear cell differential counts (Fig. 5 C) 
in Rad21(shRNA/+), Smc1a(shRNA/+), and Stag2(shRNA/+) animals 
compared with Renilla(shRNA/+) mice. Morphologically, sev-
eral animals displayed splenomegaly, which was most appar-
ent in Smc1a(shRNA/+) mice (Fig. 5 D). FACS analysis of the 
spleens of Rad21(shRNA/+), Smc1a(shRNA/+), and Stag2(shRNA/+) 
animals showed a decrease in the proportion of B cell popu-
lation (B220+), coupled to an increase in myelomonocytic 
(Cd11b+/Gr1+) and erythroid cells (CD71+/Ter119+; Fig. 5 E).

A marked erythroid expansion with increased amounts of 
early erythroid elements (CD71+/Ter119+) was observed in the 
spleen of Rad21(shRNA/+) and Smc1a(shRNA/+) animals (Fig. 5,  
F and G). These results suggested the presence of erythroid 
colonies in spleen samples of these animals. In addition, we 
found a significant increase of Lineage/c-Kit+ cells in spleens 
of Rad21(shRNA/+) and Smc1a(shRNA/+) mice (Fig. 5 H). The 
combined findings, namely the increase of both erythroid 
and c-Kit+ cells, indicate myeloid metaplasia, also known as 
extramedullary hematopoiesis, in the splenic parenchyma, 

Figure 5.  Cohesin knockdown leads to 
changes in the myeloid/erythroid lineage in 
blood and spleen. (A) Frequency of GFP+ cells 
as measured by flow cytometry (*, P < 0.05). 
(B) Flow cytometry analysis of peripheral  
blood from Renilla(shRNA/+), Rad21(shRNA/+), 
Smc1a(shRNA/+), and Stag2(shRNA/+) mice (n = 3) 
for the indicated antibodies. (C) Absolute num-
bers of lymphocytes and neutrophils/mono-
cytes are plotted for the indicated genotypes  
(*, P < 0.05). (D) Representative spleens from 
Smc1a(shRNA/+) mice exposed to doxycycline  
for 30 d. (E) Flow cytometry analysis of  
spleen from Renilla(shRNA/+), Rad21(shRNA/+),  
Smc1a(shRNA/+), and Stag2(shRNA/+) mice (n = 3; 
*, P < 0.05) for the indicated antibodies. (F) Rep-
resentative FACS analysis of the spleen of GFP+ 
basophilic erythroblasts (CD71+/Ter119+) and 
orthochromatophilic erythroblasts (Ter119+) for 
the indicated genotypes. (G) Quantification of 
GFP+ basophilic erythroblasts (CD71+/Ter119+) 
and orthochromatophilic erythroblasts 
(Ter119+) in spleens (n = 3) in animals of the 
indicated genotype that were exposed to doxy-
cycline for 30 d (*, P < 0.05). (H) Frequencies of 
GFP+/Lineage/c-Kit+ cells as measured in the 
spleens of the indicated genotypes (n = 3;  
*, P < 0.05). Error bars indicate SD.
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analyzed the effect of cohesin knockdown in long-term  
HSCs (LT-HSCs) and MPPs. A striking reduction of shRNA-
expressing phenotypic long-term (CD150+) and short-term 
(CD150/CD48) HSC subsets was observed, evaluated by 
expression, frequency (Fig. 7 B), and absolute counts (Fig. 7 C). 
In the Smc1a(shRNA/+) mouse model, this loss of HSCs was 
compensated by a gain in MPPs and specifically the CD150+/
CD48+ MPP subset (Fig. 7 C). A similar phenotype has been 
described previously in an Flt3-ITD animal model (Chu  
et al., 2012).

Next we wanted to identify the transcriptional changes, 
which underlie the phenotypic changes that we observed in 
the Lineage Sca1+ c-Kit+ compartment (LSK subset, com-
prised of HSCs and MPP cells) of Smc1a and Stag2 knock-
down mice. We performed gene expression analysis (using 
RNA sequencing) of purified LSK cells (GFP+/Lineage/
Sca1+/c-Kit+) from Renilla(shRNA/+), Smc1a(shRNA/+), and 
Stag2(shRNA/+) mice. We again confirmed that the shRNA-
expressing cells (as measured by expression of GFP) indeed 

verifying a normal diploid karyotype (not depicted). Collec-
tively, these results demonstrate that knockdown of cohesin 
subunits can alter hematopoiesis with an apparent bias toward 
the myeloid hyperplasia, suggesting a role for cohesin in my-
eloid differentiation.

Cohesin knockdown induces differentiation skewing of HSCs
The changes found in the differentiated and progenitors cells 
prompted us to address the impact of cohesin knockdown on 
HSCs. We decided to focus on two out of the three mouse 
models we created, Smc1a(shRNA/+) and Stag2(shRNA/+). We chose 
Smc1a and Stag2 to include one core ring component, Smc1a, 
and one associated protein, Stag2. Indeed, even after a short 
period of cohesin gene knockdown (10 d), we observed dis-
tinct changes in the HSC compartment of Smc1a(shRNA/+) and 
Stag2(shRNA/+) mice (Fig. 7 A). First, we noted that cohesin 
knockdown did not significantly impact the Lineage Sca1+ 
c-Kit+ (LSK) cells, a population which is composed of HSCs 
and multipotent progenitors (MPPs; not depicted). Next, we 

Figure 6.  Cohesin knockdown induces myeloid pro-
genitor skewing and increases the size of the nucleus. 
(A) Quantification of flow cytometry of bone marrow of ani-
mals (n = 3) of the indicated genotype (*, P < 0.05). (B) FACS 
analysis of bone marrow of cohesin knockdown mice (doxy-
cycline 30 d, n = 3) for myeloid progenitors (GFP+/Lin/ 
c-Kit+/Sca1). (C) Quantification of myeloid progenitors in the 
bone marrow of mice (n = 3) with the indicated genotype 
(*, P < 0.05). (D) GFP+/c-Kit+ cells were sorted from mouse 
(n = 3) bone marrow of control and cohesin knockdown  
(10 d of doxycycline). Cells were fixed on glass slides and 
stained with DAPI. (E) Quantification of nuclear size of  
GFP+/c-Kit+ cells for the indicated genotypes. Surface area  
of nuclei was measured using DAPI intensity with ImageJ 
(National Institutes of Health; *, P < 0.05). Error bars  
indicate SD.
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compared with the Renilla control. In the Stag2(shRNA/+) LSK 
cells, we found up- and down-regulation of 390 and 480 genes, 
respectively, compared with Renilla control. By comparing the 
gene expression profiles of Smc1a(shRNA/+) with Stag2(shRNA/+), 
few differentially expressed genes were found (53 down and 
125 up). Indeed, Smc1a and Stag2 appear to regulate an 

have a very potent knockdown of the intended target genes, 
Smc1a and Stag2 (not depicted). Next, we focused on the sig-
nificantly differentially expressed genes (FPKM > 5, fold change 
[FC] > 1.5, and P < 0.05) in the various genotypes (Table S3). 
In the Smc1a(shRNA/+) LSK cells, we found up-regulation 
and down-regulation of 257 and 338 genes, respectively, 

Figure 7.  Rapid skewing of HSCs induced by cohesin knockdown. (A) Mouse bone marrow (n = 3; genotype is indicated) was isolated and stained 
with antibodies for lineage markers, c-Kit, Sca1, CD48, and CD150. The stem cell compartment was visualized by gating as follows: GFP+ > Lineage >  
c-Kit+/Sca1+ (LSK). Left panels indicate the frequency of LSK cells in the indicated genotype. Right panels show stem cell and MPP compartment,  
CD150+ LT-HSCs, CD150/CD48 short-term HSCs, CD150+/CD48+ MPP1, and CD48+ MPP2. (B) Quantification of changes in stem cell compartment of 
Smc1a(shRNA/+) and Stag2(shRNA/+) mice (n = 3; *, P < 0.05). (C) Quantification of absolute cell number of HSCs and MPPs in the bone marrow of cohesin 
knockdown mice (n = 3; *, P < 0.05). (D) Gene expression analysis by RNA sequencing of sorted LSK cells of cohesin knockdown bone marrow. GFP+/Lin/
Sca1+/c-Kit+ cells were sorted from bone marrow of mice (n = 3 or 4) exposed to doxycycline for 10 d. Heat map shows genes that are significantly  
(P < 0.05) differentially expressed with a cutoff of 1.5 FC. (E) Scatter plots of FPKM obtained from RNA-seq results from Renilla(shRNA/+), Smc1a(shRNA/+), and 
Stag2(shRNA/+) LSK cells. (F) GSEA of RNA-seq data comparing Renilla with cohesin knockdown. Cohesin knockdown LSK cells are enriched for a GMP  
signature and depleted for an LT-HSC signature. Error bars indicate SD.

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/212/11/1833/1761919/jem
_20151323.pdf by guest on 09 February 2026

http://www.jem.org/cgi/content/full/jem.20151323/DC1


1842 Cohesin is a tumor suppressor | Mullenders et al.

reflected a change in the cellular state (McLean et al., 2010). 
Regions that were more accessible in the Stag2 knockdown 
cells correlated with GO terms for myeloid differentiation 
and erythroid development, in line with our findings in vivo 
(Fig. 8 G and Table S5). This is specific for cohesin knock-
down cells, as we don’t find the same enrichment in the re-
gions that are more accessible in Renilla control LSK cells 
(Table S5). GSEA and GO term analysis confirmed the no-
tion that cohesin knockdown LSK cells are committed to 
differentiate along the myeloid lineage. Finally, we analyzed 
the genomic sequence in the more accessible regions of the 
cohesin cells for enrichment of transcription factor motifs 
(Imrichová et al., 2015). We found that the most enriched 
transcription factor motif is the GATA factor motif (Fig. 8 H). 
GATA1 is a master regulator of primitive and definitive he-
matopoiesis, and erythropoiesis and is often mutated in can-
cer (Crispino, 2005). In our ATAC-seq data, we also found 
increased accessibility in the GATA1 locus in Stag2 knock-
down LSK cells (Fig. 8 C). Collectively, these data suggest that 
cohesin knockdown leads to changes in chromatin accessibil-
ity in genes that are expressed in the myeloid lineage, possibly 
through involvement of GATA transcription factors.

Silencing of cohesin complex genes leads  
to an MPN/myeloid disorder
The ageing cohort of cohesin gene knockdown was monitored 
by FACS analysis of peripheral blood at regular intervals. 
During these routine examinations, we found that several 
animals showed a marked expansion of myeloid elements 
(granulocytic > monocytic) in the peripheral blood, consistent 
with myeloid hyperplasia (Cd11b+/Gr1+; Fig. 9, A and B 
[I–III]). Necropsy was performed on a subset of the animals 
to allow for a more in-depth analysis. A first gross morpho-
logical indication for an underlying hematopoietic disorder 
was the presence of varying degrees of splenomegaly. Fig. 9  
depicts an example of the phenotype (organomegaly) of an 
Smc1a(shRNA/+) animal in comparison to an age-matched 
Renilla(shRNA/+) control (Fig. 9 C). Histological evaluation con-
firmed that the splenic architecture was compromised by 
marked to moderate red pulp expansion, exhibiting myeloid 
metaplasia (extramedullary hematopoiesis; Fig. 9 B, IV). 
The hematopoietic elements were composed of numerous 
myelomonocytic cells, including frequent immature forms, 
alternating with variable amounts of erythroid precursors, form-
ing occasional erythroid islands and frequent megakaryocytes 
(Fig. 9 B, V and VI). Gross evaluation of bone specimens 
of the affected Smc1a(shRNA/+) animals demonstrated “pale 
appearing” bones and histological evaluation showed a hy-
percellular bone marrow with erythroid and megakaryocytic 
hypoplasia and marked myeloid hyperplasia (Fig. 9, B [VII] 
and D). The myeloid elements were predominantly medium to 
large in size, with open chromatin, crisp and irregular nuclear 
membrane, and variable amounts of amphophilic cytoplasm, 
focally imparting myelomonocytoid features (Fig. 9 B, VIII 
and IX). Peripheral blood differential count analysis con-
firmed a significant increase in neutrophil numbers (Fig. 9 E) 

identical expression program in LSK cells (Fig. 7, D and E). 
Interestingly, genes found up-regulated in cohesin knock-
down LSK cells are associated with a myeloid differentiation 
program, including the Fcgr3 and Cebpa genes, encoding key 
regulators of myelopoiesis (Fig. 7 D). At the same time, we 
observed down-regulation of genes involved in lymphoid 
development (including Blnk, Lax1, and Cd86). These data 
suggested that cohesin gene knockdown LSK cells are primed 
to differentiate toward the myeloid lineage, in agreement 
with our in vivo phenotype of the studied animals. This was 
further confirmed by an unbiased analysis of the gene expres-
sion changes by gene set enrichment analysis (GSEA). Such 
analysis showed that LSK cells from Smc1a(shRNA/+) and 
Stag2(shRNA/+) mice showed an aberrant and premature com-
mitment to the myeloid lineage based on their gene expression 
signature (Fig. 7 F). In agreement with the loss of phenotypic 
HSCs in these animals, LSK cells have lost expression of 
genes that normally comprise a signature of LT-HSCs. These 
data show that cohesin knockdown in LSK cells leads to tran-
scriptional changes that are associated with a differentiation 
bias during early stages of hematopoiesis.

Cohesin silencing leads to aberrant chromatin accessibility
Cohesin is known to be involved in several processes that 
regulate transcription and gene expression. Cohesin binds to 
CTCF and is found together with CTCF on chromatin 
(Parelho et al., 2008; Wendt et al., 2008). More recently, it 
was shown that cohesin clusters are found at sites with high 
chromatin accessibility measured by DNase I hypersensitivity 
(Yan et al., 2013) assays. Therefore we decided to apply ATAC 
sequencing, a genome-wide mapping of chromatin accessi-
bility. We performed ATAC sequencing on purified stem/
progenitor LSK cells from Renilla(shRNA/+) and Stag2(shRNA/+) 
mice to map changes in chromatin accessibility (Buenrostro 
et al., 2015). ATAC-seq analysis showed a large number of 
changes between Renilla(shRNA/+) and Stag2(shRNA/+) samples 
(Fig. 8, A and B; and Table S4). Changes in chromatin acces-
sibility were pronounced in genes that were up-regulated in 
cohesin knockdown LSK cells, like Fc- receptor (Fcgr3 and 
Fcgr4) and Myeloperoxidase (Mpo; Fig. 8, C and D). These 
genes are highly expressed in myeloid cells, suggesting that 
the cohesin complex plays a role in the regulation of myeloid 
differentiation through chromatin accessibility. In addition, 
we found that genes that were expressed in lower levels in 
cohesin knockdown cells (like Cd74) lose DNA accessibility 
(Fig. 8, C and D). Next, we compared RNA expression and 
chromatin accessibility in an unbiased way. We found that 
increased chromatin accessibility around promoter regions indeed 
correlates with significant increased expression, and the re-
verse is also true (Fig. 8 E). Furthermore, we performed GSEA 
with the ATAC-seq peaks enriched in either Renilla(shRNA/+) 
or Stag2(shRNA/+) LSK cells. Here we observed that peaks en-
riched in Stag2(shRNA/+) LSK cells correlate with the GMP 
signature that we found before to be enriched in the RNA 
sequencing data (Fig. 8 F). Furthermore, we used an unbiased 
approach to test whether the changes in chromatin accessibility 
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Figure 8.  Cohesin silencing leads to changes in chromatin accessibility in LSK cells. (A) Venn diagrams of ATAC-seq peaks (peak score > 
25) found in LSK cells isolated from Renilla(shRNA/+) and Stag2(shRNA/+) mice. (B) Heat map of peaks found significantly enriched (FC(abs) > 2, P < 
0.05) Renilla(shRNA/+) and Stag2(shRNA/+) ATAC-seq centered on the peak maximum. (C) Changes in chromatin accessibility in key myeloid differentia-
tion genes (Mpo, Fcgr3/4, and GATA1). Tracks showing increase in ATAC-seq signal on MPO and FCGR3/4 genes in LSK cells from Renilla(shRNA/+) and 
Stag2(shRNA/+) mice. Loss of ATAC-seq signal in the stem cell gene CD74 in LSK cells from Renilla(shRNA/+) and Stag2(shRNA/+) mice. (D) Changes in gene 
expression in LSK cells from cohesin knockdown mice. Indicated are FPKM values for MPO, FCGR3, and CD74 as obtained from RNA sequencing  
in LSK cells for the indicated genotypes (*, P < 0.05). (E) RNA expression correlates with chromatin accessibility. Changes in RNA expression (RNA 
sequencing) of genes that have either increased (Up) or decreased (Down) chromatin accessibility (ATAC-sequencing) at their promoter are plotted 
(*, P < 0.05). (F) GSEA of Stag2 knockdown enriched ATAC-seq peaks. (G) GO term enrichment of biological processes with peaks (FC(abs) > 2, P < 
0.05) that are unique in the Stag2(shRNA/+) ATAC-seq. (H) Result from transcription factor motif enrichment in peaks (FC(abs) > 2, P < 0.05) unique 
in the Stag2(shRNA/+) ATAC-seq. Error bars indicate SD.
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Figure 9.  MPNs in aged Smc1a(shRNA/+) mice. (A) FACS analysis of peripheral blood of age-matched Renilla(shRNA/+) control and Smc1a(shRNA/+) 
mouse (antibodies are indicated). (B) Histological analysis of peripheral blood, spleen, and bone marrow from Smc1a(shRNA/+) mouse. Peripheral blood 
was stained with Wright-Giemsa. Spleen and bone marrow were stained with H&E. (C) Representative spleen of aged Smc1a(shRNA/+) mouse. (D) Repre-
sentative femur and tibia of aged Smc1a(shRNA/+) mouse. (E) Blood count of diseased Smc1a(shRNA/+) mice. WBC, white blood cells; NE, neutrophils; LY, 
lymphocytes; and MO, monocytes (*, P < 0.05). (F and G) FACS analysis of bone marrow and spleen of representative aged Smc1a(shRNA/+) mice. (left) 
GFP expression. (middle) Antibody staining for myeloid (Cd11b+/Gr1+), B (B220+), T (CD3+), and erythroid cells (CD71+/Ter119+ and Ter119+) is indi-
cated. (right) FACS staining for myeloid progenitors (GFP+/Lin/c-Kit+/Sca1) is plotted. Error bars indicate SD.
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DISCUSSION
AML is a genetically diverse disease. Fusion genes and muta-
tions in many lineage-specific transcription factors and epi-
genetic regulators have been uncovered. Recently, mutations 
in the cohesin (Rad21, Smc1a, Smc3, and Stag2) complex 
have been identified in de novo and secondary AML samples, 
as well as many solid tumors (Leiserson et al., 2015). Many of 
these mutations are predicted (and shown here) to result in 
loss of function of the affected protein. This is very surpris-
ing, as all cohesin genes are essential in every organism tested 
from yeast to mice. Indeed, Rad21/ animals are not viable 
(Xu et al., 2010); however, conditional knockout of Rad21 
in postmitotic thymocytes does not affect survival (Seitan  
et al., 2011). These findings support the notion that cohesin 
proteins are present at high levels both in actively cycling and 
quiescent tissues (Wendt et al., 2008). In tumors, mutations 
in Smc3 and Rad21 are usually heterozygous, leaving one 
copy of the gene unaffected. Stag2 and Smc1a reside on 
chromosome X and are therefore not compensated by a wild-
type protein when mutated in male patients. Similar in fe-
males, all mutations found in Stag2 were reported to be on 
the active (transcribed) X chromosome (Solomon et al., 2011). 
Surprisingly, even in an essential gene like Smc1a, a portion 
(10%) of the alterations were found to be nonsense and/or 
frame-shift mutations, predicting a complete loss of protein 
function (http://www.cbioportal.org). How cells deficient 
for a cohesin subunit manage to correctly separate their chro-
mosomes remains to be understood.

To model the loss of cohesin as seen in human malignan-
cies, we generated three independent loss of function cohesin 
animals. As standard mouse knockout techniques create com-
plete null alleles, we opted to generate three mouse models 
with inducible shRNA targeting cohesin complex members 
in vivo (Premsrirut et al., 2011). In these animals, we man-
aged to efficiently suppress cohesin transcripts and reduce co-
hesin protein expression and function similar to that seen in 
human malignancies. Surprisingly, even in mice where we 
induced systemic cohesin knockdown, we did not observe 
detrimental effects, although we never reached a complete 
loss of expression in this model. We were surprised by the 
initial lack of survival phenotypes in cells with a very efficient 
reduction of the cohesin complex members. One explana-
tion is the fact that during metaphase only a very small frac-
tion of cohesin is required for SCC (Waizenegger et al., 
2000). Apparently, the small amount of cohesin protein that 
remains in our shRNA mouse is most likely sufficient for 
proper SCC and successful mitosis. This is consistent with the 
fact that we did not observe overwhelming defects in SCC in 
cohesin knockdown cells. Another process cohesin is known 
to play a role in is DNA damage repair (Watrin and Peters, 
2006). At this moment, no consensus exists on whether mu-
tations in cohesin in human malignancies lead to genomic 
instability (Solomon et al., 2011; Balbás-Martínez et al., 2013; 
Li et al., 2015), although using our cohesin knockdown cells 
we did not observe changes of the overall karyotype. Simi-
larly, human AML samples carrying cohesin mutations do 

in the affected animals, further supporting that Smc1a silenc-
ing promotes a clinical picture consistent with an MPN. Flow 
cytometry analysis performed on peripheral blood spleen and 
marrow specimens revealed similar but more pronounced 
phenotypes in these animals compared with the younger ani-
mal cohort. All three compartments demonstrated a marked 
increase in myeloid cells (Cd11b+/Gr1+), which was ac-
companied by a decrease in lymphoid elements, particularly 
B220+ B cells, (Fig. 9, A, F, and G). Composition of medul-
lary and extramedullary hematopoiesis differed from case to 
case, with a subset of spleen specimens showing trilineage 
maturing hematopoiesis with erythroid predominance and 
intact erythroid islands, immunophenotypically confirmed 
by increased CD71+/Ter119+ cells, whereas bone marrow 
hematopoietic elements demonstrated erythroid hypoplasia  
confirmed by a decrease in CD71+/Ter119+ cells (Fig. 9,  
F and G). Notably, a striking increase of GMPs (GFP+/ 
Lineage/c-Kit+/Sca-1/Cd34+/FcRII/III+) was found in 
these bone marrow specimens (Fig. 9 F, right), in agreement 
with previous experiments (Fig. 6 C). In spleen specimens of 
Smc1a(shRNA/+) mice, the immature myelomonocytic prolif-
eration was immunophenotypically confirmed by an increase 
in GFP+/Lineage/c-Kit+/Sca-1 cells (Fig. 9 G, right).

Encouraged by these results, we decided to generate mice 
with a more potent disruption of the cohesin complex. Our 
rationale for this is the fact that SMC1A and STAG2 muta-
tions found in patients potentially generate strong loss of 
function alleles because these genes are located on the X chro-
mosome. In addition, simultaneous down-regulation of the 
mRNA level of multiple cohesin members has been observed 
in AML samples (Thota et al., 2014). To obtain compound 
shRNA mice that target two cohesin subunits simultane-
ously, we intercrossed Smc1a(shRNA/+) and Stag2(shRNA/+) mice. 
Compound Smc1a(shRNA)/Stag2(shRNA) did not show any del-
eterious phenotypes, although an effective knockdown was 
confirmed (Fig. 10 A). Short-term exposure to doxycycline 
(22 d) caused splenomegaly (not depicted) and lineage skew-
ing (Fig. 10 B). Over time, Smc1a(shRNA)/Stag2(shRNA) animals 
showed again significant lineage skewing in the peripheral 
blood, namely myeloid hyperplasia (Cd11b+/Gr1+) and lym-
phopenia (decrease in B220+ cells; Fig. 10 C). FACS analysis 
of these animals revealed a very similar yet more pronounced 
phenotype compared with the Smc1a(shRNA/+) mouse (not de-
picted). Spleens of aged compound Smc1a(shRNA)/Stag2(shRNA) 
animals were enlarged compared with control animals and 
showed disrupted morphology (Fig. 10, D and E). Diseased 
animals demonstrated signs of anemia, as exemplified by pe-
ripheral blood counts (Fig. 10 F).

In summary, these experiments effectively demonstrate 
that silencing of the cohesin complex alters stem cell homeo-
stasis, predominantly affecting the myeloid component, lead-
ing to disturbances in myeloid proliferation and differentiation 
closely resembling the clinical picture of a myeloid disorder/
myeloid neoplasm. In addition, our study describes the first 
in vivo models that demonstrate a tumor-suppressive role for 
the cohesin complex.
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adding a new layer of complexity to an already complicated 
disease. The chromatin accessibility data and correlation with 
gene expression changes presented here support this hypothesis.

AML is a disease that often originates in stem cells’ hema-
topoietic system (Shlush et al., 2014). During the progression 
of the disease, clonal evolution is a common occurrence (Ding 
et al., 2012). Recently, several studies have identified muta-
tions in the originating stem cell in AML (Genovese et al., 
2014). Cohesin genes are among the genes that are mutated 
in the stem cells that are found in the bone marrow of AML 
patients (Ding et al., 2012; Jan et al., 2012). Here, we provide 
evidence that loss of cohesin indeed leads to increased self- 
renewal of stem cells in vitro. Cohesin knockdown mice dis-
play a skewing in their stem cell compartment in the bone 
marrow and show signs of extramedullary hematopoiesis in 
the spleen. All these phenotypes have been reported before  
in mouse models for AML (Lee et al., 2007; Moran-Crusio  
et al., 2011).

This is the first example of cohesin loss of function in a 
mammalian system. Strikingly, efficient (but not complete) 
silencing of cohesin is not detrimental to cellular homeostasis 
but leads to myeloproliferative disease, suggesting that there 

not have an overt genomic instability phenotype (Cancer 
Genome Atlas Research Network, 2013).

As no differences are observed in steady state SCC and 
DNA damage response, we hypothesize that loss of cohesin 
complex member expression in human disease mainly affects 
higher-order chromatin structure and gene expression. The 
genome of eukaryotes is organized into structural domains 
that help establish regulatory interactions (Lieberman-Aiden 
et al., 2009; Dixon et al., 2012). The cohesin complex is one 
of the main factors involved in the stability of the three- 
dimensional organization of the chromatin. When cohesin is 
removed from cells, a general unfolding and disorganization 
of the chromatin is observed with associated changes in gene 
expression (Seitan et al., 2013; Sofueva et al., 2013; Mizuguchi 
et al., 2014). Changes in higher-order chromatin structure 
have been observed in disease, including cancer (Rickman  
et al., 2012). It is therefore not unconceivable that loss of co-
hesin in cancer leads to disruption of chromatin organization. 
Cohesin serves as a docking station for transcription factors, 
and its absence could therefore cause transcription factors to 
aberrantly activate genes (Yan et al., 2013). We postulate that 
cohesin mutations in AML mainly impact genome organization, 

Figure 10.  MPNs and splenomegaly in 
Smc1a-Stag2 shRNA compound animals. 
(A) qRT-PCR of sorted erythroblasts (GFP+/
CD71+/Ter119+) from the bone marrow of 
Smc1a(shRNA)/Stag2(shRNA) mice (n = 3) exposed 
to doxycycline for 22 d. (B) Changes in  
absolute numbers of white blood cells of 
Smc1a(shRNA)/Stag2(shRNA) mice (n = 5) exposed 
to doxycycline for 22 d. Blood was analyzed 
by Hemavet. WBC, white blood cells; NE, neu-
trophils; LY, lymphocytes; MO, monocytes; 
and EO, eosinophils (*, P < 0.05). (C) Quantifi-
cation of FACS analysis of Renilla(shRNA/+) (n = 8) 
and Smc1a(shRNA)/Stag2(shRNA) (n = 16) mice  
for the indicated antibodies (*, P < 0.05).  
(D) Representative spleens of Smc1a(shRNA)/
Stag2(shRNA) animals after doxycycline expo-
sure for 2–3 mo. Spleen weight is indicated 
below the organs. (E) H&E stain of a represen-
tative section of spleen of Renilla(shRNA/+) and 
Smc1a(shRNA)/Stag2(shRNA) animals treated with 
docycycline for 2 mo. (F) Blood counts of 
Smc1a(shRNA)/Stag2(shRNA) mice (n = 3) on doxy-
cycline for 2–3 mo (*, P < 0.05). Error bars 
indicate SD.
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qRT-PCR. RNA was isolated using RNeasy mini plus kit (QIAGEN).  
cDNA was synthesized with a high-capacity RNA-to-cDNA kit (4387406;  
Life Technologies). The qRT-PCR reaction was performed in a volume  
of 10 µl with SYBR green (04887352001; Roche) and run on a Light-
Cycler 480 machine (Roche) in 384-well plates. The following qRT-PCR 
primers (all for mouse) were used in this study: ACTB-F, 5-GGCTGT
ATTCCCCTCCATCG-3; ACTB-R, 5-CCAGTTGGTAACAATGCC
ATGT-3; Rad21-F, 5-GCCCATGTATTTGAGTGCAA-3; Rad21-R,  
5-ACTCCCAGGAGAAGGTGTCC-3; Smc1a-F, 5-TATCTATGC
TCGAGAGGCCC-3; Smc1a-R, 5-TTGCTTGATTTCTTCCTCCG-3;  
Smc3-F, 5-TTCCGAAGTTACCGAGACCA-3; Smc3-R, 5-GTTGCTT
TTTCCAGAGCCA-3; Stag2-F, 5-CAGCTGAATGTCATCCTCCC-3; 
and Stag2-R, 5-GCAAACAGCTCAGTGATTCTTG-3.

RNA sequencing and analysis. RNA was isolated using RNeasy mini 
plus reagents (QIAGEN), and RNA sequencing was performed using the 
NEXTflex Rapid Directional RNA-Seq kit (5138-07; Bioo Scientific). Li-
braries were barcoded with NEXTflex adapters and quantified using qPCR 
and Qubit (Life Technologies). Libraries were sequenced at a HiSeq 2000 
(Ilumina). Next, sequencing data analysis was performed as follows. Reads 
were aligned to mm9 reference genome using TopHat, and Cuffdiff was 
used to find differentially expressed genes (Trapnell et al., 2012). Heat maps 
were generated in multiple experiment viewer (MEV; http://www.tm4 
.org). GSEA was performed by running RNA sequencing data from LSK 
cells isolated from Renilla(shRNA/+), Smc1a(shRNA/+), and Stag2(shRNA/+) against 
gene sets for GMP and LT-HSC subtypes that were generated by taking the 
most differential expressed genes from the Immunological Genome Project 
(Table S6; Shay and Kang, 2013).

Metaphase spreads. Cells were grown in the presence of 0.1 µg/ml no-
codazole for 1–4 h. Cells were harvested and resuspended in ice-cold 0.56% 
KCl. Cells were fixed in ice-cold methanol/glacial acetic acid (3:1) solution 
and dropped in cold glass slides from circa 50 cm. Slides were air-dried and 
stained with DAPI. Metaphases were acquired using Metafer (Metasystems) 
microscope and software.

shRNA mouse generation and handling. To generate shRNA mice for 
cohesin, we tested 10 shRNAs for Rad21, and Smc1a and Stag2 were cloned 
in the pLMP retroviral backbone. These shRNAs were tested in 3T3 cells 
for their knockdown efficiency. For each of the targeted genes, one shRNA 
was chosen that produced knockdown between 75–90%. The selected 
shRNA sequence was subsequently cloned in the 3 UTR of a GFP gene 
downstream of a TRE. TRE, GFP, and shRNA were targeted together 
to the Col1A1 locus. Targeted ES cells were injected using tetraploid com-
plementation technique. Resulting shRNA mice were bred on a mixed 
C57BL/6 × 129/SV background. For the majority of experiments, mice 
used were heterozygous for shRNA and rtTA. To induce shRNA expres-
sion, mice were fed chow containing 1 g/kg doxycycline (Bio Serv). Animal 
care was in accordance with institutional guidelines and approved by the In-
stitutional Animal Care and Use Committee of the New York University 
School of Medicine.

shRNA sequences as used in shRNA mice in this study are as follows:  
Rad21-920, 5-GCTGGCGGTATATTAGATGACAATAGTGAAGCC
ACAGATGTATTGTCATCTAATATACCGCCAT-3; Smc1a-3921,  
5-GATGCATGTTAGATTGTTTGCAATAGTGAAGCCACAGATGT
ATTGCAAACAATCTAACATGCAC-3; and Stag2-744, 5-GATCAGAG-
CATTTCGACATACAATAGTGAAGCCACAGATGTATTGTATGTC-
GAAATGCTCTGAC-3.

FACS analysis. Peripheral blood was extracted by retroorbital bleeding and 
blood was collected in EDTA-coated tubes. Red blood cells were lysed with 
ACK buffer (Quality Biological 118-156-101) for 5 min on ice. Bone mar-
row was isolated the tibia, femur, and pelvic bones by spinning cleaned 
bones for 2 min at 8,000 rpm. Single cell suspensions of spleen and thymus 
were prepared in FACS buffer (3% FBS in PBS) by crushing the organ 

are defined thresholds of cohesin expression and activity. 
This notion is consistent with the findings illustrated in the 
accompanying paper in this issue by Viny et al., where com-
plete deletion of another cohesin member, Smc3, leads to le-
thal bone marrow aplasia, whereas Smc3 haploinsufficiency 
leads to enhanced self-renewal and AML in the background 
of Flt3-ITD. Our study is the first evidence that mutation of 
cohesin is a driving event in the initiation and progression of 
cancer and not merely a bystander. Furthermore, this suggests 
that cohesin loss could be therapeutically exploited. Cells car-
rying mutations in the cohesin complex are potentially more 
vulnerable to certain stressors or insults. The identification of 
cohesin synthetic lethal interactions could aid the develop-
ment of new drugs, specifically targeting cohesin mutant 
cells. For this to be successfully introduced into the clinic, it 
is a prerequisite that AML patients are preselected based on 
their cohesin mutation status. Such a new class of drugs is 
very welcome in a disease such as AML, where very few tar-
geted therapies are available at this moment.

MATERIALS AND METHODS
Western blot. Protein was extracted from equal cell numbers in a high 
urea buffer (48% urea, 15 mM Tris-HCl, pH 7.5, 8.7% glycerin, 1% SDS, 
0.004% bromophenol blue, and 143 mM -mercaptoethanol). Protein lev-
els were measured using the Bradford assay. Equal amounts of protein were 
loaded on NuPAGE Novex 4–12% Bis-Tris protein gel (NP0321; Life 
Technologies) and run with NuPAGE MOPS buffer (NP0001; Life Tech-
nologies). Proteins were transferred to Immobilon P (IPVH00010; EMD 
Millipore). Membrane was blocked in 5% nonfat milk in TBST and incu-
bated with antibodies for Rad21 (H-210; Santa Cruz Biotechnology, Inc.), 
Smc1a (A300-055A; Bethyl Laboratories, Inc.), Smc3 (ab9263; Abcam), Stag2  
(J-12; Santa Cruz Biotechnology, Inc.) and Actin B (C4; EMD Millipore). 
Secondary antibodies used were HRP conjugated (NA9340 and NA931; 
GE Healthcare). Blot was visualized using ECL (PI34077 and PI34095; 
Thermo Fisher Scientific).

Retrovirus production and infection of c-Kit+ cells. Virus was pro-
duced in 293T cells. Cells were transfected with 20 µg of plasmids using the 
calcium phosphate protocol. Supernatant containing the virus was harvested 
36, 48, and 60 h after transfection. Virus was cleared using a 20-µm filter and 
concentrated (Amicon Ultra-15, 100 kD MWCO) to 1/10 volume. Virus 
was snap frozen and stored at 80°C. Mouse bone marrow cells were iso-
lated from femur, tibia, and pelvic bones. Cells were blocked with rat IgG 
(I8015; Sigma-Aldrich) and labeled with CD117-MicroBeads (130-091-224; 
Miltenyi Biotec) for 15 min at 4°C. Cell suspension was selected on Auto
MACS (Miltenyi Biotec), and c-Kit+ cells were seeded at 500,000/ml in 
Opti-MEM (31985-070; Life Technologies) supplemented with 10% FCS,  
55 µM -mercaptoethanol (21985-023; Gibco), 50 ng/ml SCF (250-03;  
PeproTech), 50 ng/ml Flt3-Ligand (250-31L; PeproTech), 10 ng/ml IL-3 
(213-13; PeproTech), and 10 ng/ml IL-6 (216-16; PeproTech). Virus was 
added 24 h after cell seeding in growth media with 8 µg/ml polybrene. Viral 
transduction was monitored 48 h after virus addition by FACS analysis.

CFU assay. To address self-renewal capacity, 2,000 retrovirally infected 
GFP+ or 20,000 total bone marrow cells were seeded in 0.5 ml (per well in 
24-well plate) methylcellulose (M3434; STEMCELL Technologies). After 
7-d incubation time, GFP+ colonies were counted. FACS analysis was per-
formed to confirm GFP expression and for markers of differentiation. The 
following antibodies were used at 1/10,000 dilution Cd11b (clone M1/70), 
Gr1 (clone RB6-8C5), c-Kit (clone 2B8), and Sca-1 (clone D7). For serial 
replating experiments 2,000 GFP+ cells were seeded as above.
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