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Smc3 is required for mouse embryonic and adult hematopoiesis
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SMC3 encodes a subunit of the cohesin complex that has canonical roles in regulating
sister chromatids segregation during mitosis and meiosis. Recurrent heterozygous muta-
tions in SMC3 have been reported in acute myeloid leukemia (AML) and other myeloid
malignancies. In this study, we investigated whether the missense mutations in SMC3 might
have dominant-negative effects or phenocopy loss-of-function effects by comparing the con-
sequences of Smc3-deficient and -haploinsufficient mouse models. We found that homozy-
gous deletion of Smc3 during embryogenesis or in adult mice led to hematopoietic failure,
suggesting that SMC3 missense mutations are unlikely to be associated with simple domi-
nant-negative phenotypes. In contrast, haploinsufficiency was tolerated during embryonic
and adult hematopoiesis. Under steady-state conditions, Smc3 haploinsufficiency did not
alter colony forming in methylcellulose, only modestly decreased mature myeloid cell popu-
lations, and led to limited expression changes and chromatin alteration in Lin~cKit* bone
marrow cells. However, following transplantation, engraftment, and subsequent deletion,
we observed a hematopoietic competitive disadvantage across myeloid and lymphoid line-
ages and within the stem/progenitor compartments. This disadvantage was not affected by
hematopoietic stresses, but was partially abrogated by concurrent Dnmt3a haploinsuffi-
ciency, suggesting that antecedent mutations may be required to optimize the leukemogenic
potential of Smc3 mutations. Published by Elsevier Inc. on behalf of ISEH - Society for
Hematology and Stem Cells.

Acute myeloid leukemia (AML) is an aggressive megakaryocytic leukemia have cohesin mutations,

hematopoietic malignancy characterized by the accu-
mulation of myeloblasts in the blood or bone marrow
(BM) with maturation arrest and retained self-renewal
[1]. Tremendous progress has been made in identifying
recurrent gene mutations in AML, yet we are still in
the early stages of understanding the mechanisms
through which these genetic alterations contribute to
the onset of the disease [2].

Recurring mutations in the cohesin complex occur
in four core components: SMC3, SMCIA, RAD21, and
STAG2, and have been identified in AML and other
myeloid malignancies [3—5]. More than 50% of
patients with Down syndrome-associated acute
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specifically in STAG2 [6]. Somatic cohesin mutations
have also been observed in a variety of solid cancers,
including colorectal carcinoma, ovarian carcinoma,
glioblastoma, bladder carcinoma, and Ewing’s sarcoma
[7—12]. Additionally, germline mutations of the cohe-
sin complex are causally related to developmental dis-
orders, particularly cohesinopathies such as Cornelia de
Lange syndrome [13,14].

SMC3 and RAD2] mutations are nearly universally het-
erozygous, whereas mutations in SMCIA and STAG2 may
be hemizygous because they are X-linked. Cohesin muta-
tions also tend to be mutually exclusive, implying that
alteration in one component may be sufficient to disrupt
the entire complex or alternatively, they may not be toler-
ated by a cell when co-occurring [15,16]. Cohesin muta-
tions are often observed as early subclonal events in AML,
conceivably facilitating disease initiation, although they are
not observed in cases of clonal hematopoiesis of indetermi-
nate potential (CHIP), suggesting they are unlikely to be
the initiating event [15,17—19].
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The majority of SMC3 mutations are missense muta-
tions; only one-third of SMC3 mutations are nonsense or
splice-site variants. The missense mutations are scattered
across all domains, although a few recurrently mutated
nucleotides have been observed (e.g., R381Q, R661P). This
pattern suggests that many of these mutations may result in
simple loss-of-function consequences, although novel domi-
nant-negative activities cannot be dismissed within the hot-
spot variants. Intriguingly, DNMT3A mutations, one of the
most commonly mutated genes in AML, frequently coin-
cides with SMC3 mutations, suggesting there may be leuke-
mogenic interactions between these mutations [5,15,16,20].

In yeast- and cell-line-based studies, cohesin has
been shown to play essential roles in sister chromatid
segregation during the cell cycle, DNA damage repair,
transcriptional regulation via chromatin looping, and
maintenance of chromatin architecture [21—24]. AML
patients who harbor cohesin mutations typically have
normal karyotype, indicating that hematopoietic cohe-
sin mutations do not lead directly to chromosomal
instability [3,16].

To define the hematopoietic consequences of SMC3
mutations and to determine whether these could reflect
dominant-negative or loss-of-function phenotypes, we
characterized the in vivo effects of Smc3 deficiency
and Smc3 haploinsufficiency on murine hematopoiesis
using conditionally deleted strategies. In contrast to
our expectations that these leukemia-associated muta-
tions would lead to expansions of hematopoietic stem
cell populations or augmented self-renewal, we
observed a competitive disadvantage in Smc3-deficient
and -haploinsufficient BM cells in vivo without an
associated increase in maturation-arrested stem cells.

Methods

Animal Studies

Smc3" mice were obtained from the European Conditional
Mouse Mutagenesis Program (EUCOMM) (Smc3<tmla
(EUCOMM)Wtsi>, MGI:4434007). To generate Smc3" mice,
the gene-trap was removed by crossing Smc3"P mice with
Flp deleter mice (B6.129S4-Gt(ROSA)26Sortm2(FLP*)Sor/J)
and subsequently outbreeding the Flp allele with C57BL/6J]
intercrosses. We generated Smc3 conditional-deficient mice
by breeding the Smc3"™" mice with Vavi-Cre (B6.Cg-
Commd10Tg(Vavl-icre)A2Kio/J), ERT2-Cre (B6.Cg-Tg(cre/
Esr1)5Amc/J), and CMV-Cre (B6.C-Tg(CMV-cre)lCgn/J)
mice obtained from The Jackson Laboratory. We character-
ized Smc3 conditional-deficient mice at 6—8 weeks of age
and both genders were used. Whenever possible, littermate
controls were used for all experiments. Complete blood
counts were measured using Hemavet 950 (Drew Scientific
Group).

All mice were on the C57BL/6 background and were
cared for in the Experimental Animal Center of Washington
University School of Medicine. The Washington University
Animal Studies Committee approved all animal experiments.

Intracellular Smc3 staining

Intracellular Smc3 was detected with the Pharmingen Tran-
scription Factor Buffer Set (BD Biosciences, #562574)
according to the manufacturer’s instructions. BM cells were
isolated from femurs and tibias and lysed with ACK lysis
buffer (150 mmol/L NH4Cl, 10 mmol/L KHCO;3;, and
0.1 mmol/L Na,EDTA [Na,-ethylenediaminetetraacetic acid],
pH 7.2—7.4). Cells were stained with cell-surface markers to
identify cell type by flow cytometry and then fixed for 40
minutes at 4°C. Cells were washed with permeabilization
wash buffer and incubated with primary antibody against
Smc3 (1:100 dilution, Abcam, #ab9263) for 30 minutes at 4°
C. Cells were washed in permeabilization wash buffer and
incubated in secondary antibody (1:500 dilution, chicken
anti-rabbit Alexa Fluor 647, Molecular Probes) for 30
minutes at 4°C. Cells were rinsed in permeabilization wash
buffer and analyzed by flow cytometry. The mean fluores-
cence intensity was calculated for the AF647 signal.

Flow cytometry

After lysis of red blood cells by ACK lysis buffer, peripheral
blood, BM, spleen cells, or thymocytes were treated with
anti-mouse CD16/32 (eBioscience; clone 93) and stained
with the indicated combinations of the following antibodies
(all antibodies are from eBioscience unless noted otherwise):
CD34 FITC (clone RAM34), CD11b PE (clone M1/70), c-Kit
PECy7 (clone 2B8) or BV421 (BioLegend, clone 2B8), Scal
PE-Dazzle 594 (BioLegend, clone D7) or APC (clone D7),
Gr-1 FITC, PECy7, APC (clone RB6-8C5), or BV421 (BioL-
egend, clone RB6-8C5), B220 PE, PECy7, APC (clone RA3-
6B2), or APC-Cy7 (BioLegend, clone RA3-6B2), CD3
PECy7 (clone 145-2C11), CD71 PE(clone R17217), Ter-119
PECy7 or APC (clone TER-119), CD16/32 BV510 (clone 93),
CD150 PE (BioLegend 115903, clone TC15-12F12.2), CD48
APC-Cy7 (BioLegend, clone HM48-1), Ly5.1 APC (clone
A20) or AF700 (BioLegend, clone A20), Ly 5.2 PE or e450
(clone 104). The following flow phenotypes were used for
stem and progenitor cell flow: Lin- (lineage negative):
B2207, CD3e™, Gr-17, Ter-1197, CD4", CD8", CDI197,
CD1277; KL: Lin~, cKit", Scal™; KLS: Lin~, cKit*, Sca-1";
KLS-SLAM: Lin~, cKit", Sca-1", CD150", CD487; GMP:
Lin~, cKit", Sca-1-, CD34*, CD16/32%; CMP: Lin~, cKit",
Sca-17, CD34", CD16/327; and MEP: Lin~, cKit", Sca-1",
CD347, CD16/32-.

Analysis was performed using a FACScan (Beckman
Coulter) or Gallios flow cytometer (Beckman Coulter). Cell
sorting was performed using a I-Cyt Synergy II sorter (I-Cyt
Technologies). Flow cytometry data were analyzed with
FlowJo Version 10 (TreeStar), Excel (Microsoft), and Prism
7.02 (GraphPad Software) software.

Competitive transplantation

Competitive transplantation was performed using 0.5 x 10°
whole BM cells from indicated donor mice (CD45.2) mixed
with 0.5 x 10® competitor whole BM cells wild-type
CD45.1 (Ly5.1) x CD45.2 mice. Mixture cells were injected
intravenously into 6- to 8-week-old CD45.1 recipient mice
that received 1100 cGy of total body irradiation (Mark 1
Cesum irradiator, J.L. Shepard) 24 hours prior to
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transplantation. For Sme3VU/ERT2-Cre™~ or Smc3"*/ERT2-
Cre*'™ transplantation, recipient mice were treated with tamox-
ifen (TAM) (dissolved in sterile corn oil, Sigma-Aldrich) 6
weeks after transplantation via oral gavage for nine doses (3
mg/day/mouse, 3 days/week). Peripheral blood was examined
for donor cell chimerism at the indicated time points after
transplantation. Recipient mice BM were analyzed at the end
of the experiment.

Colony replating assay

BM cells were harvested and plated in duplicate (10,000 BM
cells/plate) in complete mouse methylcellulose medium with
stem cell factor, interleukin-3 (IL-3), IL-6, and erythropoietin
(Epo) (R&D Systems). Colonies were counted on day 7 and
cells were collected from methylcellulose in warm Dulbecco-
modified Eagle medium (DMEM) containing 2% fetal bovine
serum, washed, and replated as before. An aliquot of cells
was taken for analysis of myeloid (Grl, CD11b) and mast
cell markers (cKit, FCER1) by flow cytometry. This process
was repeated for 4 weeks or until colony formation failed.

RNA sequencing of multipotent progenitors and analysis
Multipotent progenitors (KLs) were sorted from three wild-
type or Sme3V*/Vavi-Cre*’™ mice into DMEM. Flow cytom-
etry of samples after sorting validated >93% sort accuracy.
RNA was extracted from cell pellets using a miRNeasy kit
(QIAGEN) and genomic DNA was removed by the RNase-
Free DNase Set (QIAGEN). RNA was analyzed for degrada-
tion using the RNA Nano Chip (Agilent Technologies,
#5067-1521). An input of 300 ng was taken forward for each
sample using the TruSeq Stranded Total RNA with Ribo-
Zero Globin Kit (Illumina, #20020612). Final libraries were
analyzed using a high-sensitivity DNA chip (Agilent Tech-
nologies, #5067-4626). All libraries were pooled and run
across three lanes of HiSeq4000. RNAseq data were aligned
to the human reference with Tophat version 2.0.8 (denovo
mode, params: —library-type fr-firststrand —bowtie-ver-
sion=2.1.0). Expression levels were calculated with Cuf-
flinks version 2.1.1 (params: —max-bundle-length 10000000
—max-bundle-frags 10000000) [25].

Assay for transposase-accessible chromatin sequencing of
multipotent progenitor and analysis

Chromatin accessibility assays using the bacterial Tn5 trans-
posase were performed using multipotent progenitors (KLs)
sorted from Smc3"* or Smc3%*/Vavi-Cre*’™ mice in tripli-
cate. DNA was prepared from 75,000 sorted cells and >93%
sorting accuracy verified with post-sort analysis. Assay for
transposase-accessible chromatin (ATAC) libraries were gen-
erated exactly as described previously [26] and pooled and
sequenced on a HiSeqX instrument (Illumina) to obtain
between 133 and 152 million 2 x 150 bp paired-end reads.
Raw sequencing reads were adapter trimmed with trim galore
using cutadapt version 1.8.1 (Martin EMBnet 2011) and then
aligned to the mouse reference genome (mml0) using bwa
mem (Li H. arXiv:1303.3997v1 (2013)). Peaks in each sam-
ple were identified with macs2 [27] using the -f BAMPE
parameter and then filtered to retain peaks with ¢ < 0.01.
Peak summits from all samples were merged together with

BEDtools merge [28] using parameters to combine summits
within 50 bp of each other. Read counts at the merged peak
summits were obtained for all samples using the deepTools
multiBamSummary command [29] with the minimum map-
ping quality set to 1 and then processed using DESeq2 [30]
with default parameters to obtain normalized counts for each
peak summit and to perform differential analysis across all
peaks between wild-type and mutant mice.

Statistics

Statistical analysis was performed using Prism version 7.02
(GraphPad Software) and Excel (Microsoft) software.
Unpaired two-tailed ¢ test and one-way and two-way ANOVA
with Tukey’s multiple-comparisons tests were performed as
appropriate. p values < 0.05 were considered statistically sig-
nificant. Error bars represent standard deviation (SD). Data
points without error bars have SD below Prism 7.02’s limit
to display.

Results

Generation of Smc3 conditional knockout mice

To investigate the effects of Smc3 loss on hematopoie-
sis, we generated Smc3 conditionally deficient and
haploinsufficient mice using Smc3<tmla(EUCOMM)
Wtsi> mice obtained from EUCOMM (Smc3"P). The
Smc3"* allele has a lacZ-neomycin-gene-trap cassette
inserted in intron 4 with two Frt sites on each side of
the cassette and two loxP sites flanking exon 4. The
gene trap is predicted to lead to an early transcription
stop after splicing into lacZ-neomycin. The conditional
knockout Smc3" allele was created by excising the
gene-trap cassette with Flp recombinase and was used
for further characterizations because homozygous dele-
tion could be achieved using the Smc3" allele
(Figure 1A). We validated the integration of the loxP
sites surrounding exon 4 in the Smc3" allele using
whole-genome sequencing (Figure 1B).

We examined the transcriptional consequences of
the Smc3" allele using RNA sequencing (RNA-Seq)
and intracellular flow cytometry. In BM cells from
three Smc3"V*/Vavl-Cre"’~ mice, nearly 50% (48.4%)
of transcripts spliced from exons 3 to 5, consistent
with deletion of exon 4, whereas all of the wild-type
transcripts spliced from exons 3 to 4 and exons 4 to 5
(Figure 1C and Supplementary Figure E1A-F). Analy-
sis of reads spanning exons 3 to 5 suggests that this
results in a frameshift mutation and a stop codon after
59 amino acids, although this truncated protein could
not be detected using N-terminal antibodies. Using C-
terminal antibodies, the intracellular Smc3 protein level
was reduced to approximately half of littermate con-
trol, as would be expected with a heterozygous allele
and confirming Smc3 haploinsufficiency (Figure 1D).
In addition, the Smc3 protein level was regulated dur-
ing normal hematopoiesis, with higher expression in
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Figure 1. Generation of Smc3 conditional deficient mice and allele validation. (A) The Smc3-haploinsufficient mouse model (Smc3"“p/+) was
obtained from EUCOMM. Smc3 conditional-deficient mice were generated by removing the gene-trap cassette, which retains the loxP sites flank-
ing exon 4 (Smc3"*) and crossing these mice with either VavI-Cre™™ or ERT2-Cre*'™ to delete the allele (Smc3*/*). All mice are on the C57BL/
6J background. (B) Whole-genome sequencing validation of Smc3™ integration sites. (C) RNA-Seq data of the Smc3"*/Vavi-Cre*’™ mice show-
ing 227 transcripts spliced from exons 3 to 4 and then 313 transcripts from exons 4 to 5, whereas 279 transcripts from the other allele spliced
from exons 3 to 5 (average data from three mice). (D) Smc3 haploinsufficiency was confirmed by reduced Smc3 level in the BM cells of the
Smc3"*/Vavi-Cre*’™ mice measured using intracellular flow cytometry (n=5). *Statistical significance by ¢ test, ***p < 0.001. (E) Smc3 level
is significantly higher in KLS cells and progenitor populations than in Lin~ and SLAM. *Statistical significance by one-way ANOVA with
Tukey’s multiple-comparisons test, ****p < 0.0001.
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KLS stem/progenitor cells versus SLAM stem cells
(Figure 1E). Representative primary intracellular flow
data are shown in Supplementary Figure E2 (online
only, available at www.exphem.org).

Homozygous Smc3 deletion

To determine whether SMC3 mutations might have
dominant-negative effects or phenocopy loss-of-func-
tion effects, we compared the consequences of Smc3-
deficient and -haploinsufficient mouse models. We
found that hematopoietic homozygous deletion of Smc3
led to embryonic lethality. In heterozygous Smc3"
*/Vavl-Cre*’™ intercrosses, we observed 0 out of 75
pups with homozygous Smc3 alleles (Figure 2A). To
determine whether the cause of death in Smc3V"/Vavi-
Cre*’~ embryos was from hematopoietic failure, we
examined embryonic day 13.5 (E13.5) embryos.
Grossly, the Smc3""/Vavi-Cre*’™ embryos were indis-
tinguishable in size and appearance from other geno-
types except for the lack of obvious fetal livers
(Figures 2B and 2C). A severe decrease in fetal liver
hematopoietic cells was verified by cell count and flow
cytometry with near-complete absence of CD45" Grl™
CD11b* cells demonstrating myeloid-biased hematopoi-
etic failure (Figures 2D—2F).

We investigated somatic homozygous Smc3 deletion
in adult mice using the Smc3""/ERT2-Cre*’~ mice.
Smc3 deletion was achieved by treating mice with oral
TAM at 6 weeks of age and reduction in Smc3
protein confirmed with Western blot (Supplementary
Figure EE3A, online only, available at www.exphem.
org). After four doses of TAM, mice were moribund
and therefore were sacrificed for analysis. Complete
blood count (CBC) data showed the Smc3VY/ERT2-
Cre*’~ mice had lower white blood cell counts; percen-
tages of lymphocytes and monocytes; and fewer plate-
lets than TAM-treated littermates (Figure 3A). The
Smc3VO/ERT2-Cre”~ mice had decreased spleen
weights (Figure 3B) and their spleens were smaller in
size (Supplementary Figure E3B, online only, available
at www.exphem.org). Total numbers of cells in the
BM, spleen, and thymus of the Smc3VYERT2-Cre*'~
mice were significantly reduced compared with Smc3"
T mice after TAM treatment (Figure 3C). The reduction
of cells occurred across all lineages in the BM
(Figure 3D), spleen, and thymus (Supplementary Fig-
ures E3C and E3D, online only, available at www.
exphem.org) of the Smc3"ERT2-Cre*’~ mice, sug-
gesting complete hematopoietic collapse.

Because activation of ERT2-Cre leads to Smc3 dele-
tion in a wide range of cells and tissues, we repeated
these studies, isolating hematopoietic cells via a com-
petitive transplantation. Equivalent engraftment of
transgenic CD45.2" and competitor CD45.1" CD45.2"
cells was verified 6 weeks after transplantation.

Following TAM-induced Smc3 deletion, the Sme3y
ERT2-Cre™™ donor cells were quickly outcompeted,
indicating complete loss of hematopoietic stem and
progenitor cell (HSPC) functions in the Smc3""/ERT2-
Cre*’~ BM. Once again, the effect was most pro-
nounced within the myeloid compartment (Figures 3E
and 3F), suggesting that myeloid hematopoiesis is sen-
sitive to Smc3 deletion, so the AML-associated SMC3
mutations are unlikely to have simple dominant-nega-
tive effects.

Steady-state heterozygous Smc3 deletion

In the ExXxAC database (exac.broadinstitute.org), no
SMC3 loss-of-function mutations are observed in avail-
able human data (0 observed vs. 58.5 expected muta-
tions), suggesting potential embryonic lethality or
reduced fitness associated with Smc3 haploinsuffi-
ciency. We therefore determined whether Smc3 hap-
loinsufficiency might be tolerated in mice. Because
CMV-Cre is X-linked and expressed during early
embryogenesis, we examined the ratio of male: female
pups and compared difference between genders to
determine whether embryonic Smc3 haploinsufficiency
altered hematopoiesis. We found that Smc3 haploinsuf-
ficiency led to a normal number of female pups in
CMV-Cre intercrosses (Supplementary Figure E4A,
online only, available at www.exphem.org) and the
female pups had no obvious defects in CBCs, total
numbers of BM cells, and percentages of HSPCs
and cells in different lineages (Supplementary Figures
E4B—EA4E, online only, available at www.exphem.org).
Therefore, embryonic Smc3 haploinsufficiency could be
tolerated and did not grossly perturb steady-state hema-
topoiesis in mice.

We next assessed the effects of somatic Smc3 haploin-
sufficiency on hematopoiesis using the inducible Sme3V
*/ERT2-Cre*’™ mice. Smc3 haploinsufficiency did not alter
the proportions of immunophenotypic HSPCs and cells of
different lineages (Figures 4A and 4B).

Furthermore, Smc3 haploinsufficiency did not
increase the number of colonies formed in methylcellu-
lose or the average number of cells per colony and the
Smc3 haploinsufficient BM cells did not replate beyond
2 weeks (Figures 4C—4E). At the end of each week,
the colonies on each plate were collected, washed, and
characterized by immunophenotype. At the end of
week 1, the cells were predominantly Gr1* CD11b" for
both the Smc3V*/ERT2-Cre™™ and Sme3™* genotypes.
However, starting week 2, the colonies shifted to cKit™
FcER1" mast cells. In weeks 3 and 4, the few colonies
left were exclusively mast cells (Supplementary
Figures ESA and E5B, online only, available at www.
exphem.org). Similar results were observed using BM
cells from Smc3"*/VavI-Cre*™ mice.
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~ intercrosses (n=11 litters). *Statistical significance by chi-squared test, ****p < 0.0001. (B,C) The E13.5 Smc3""/Vavi-Cre*’~ embryos
lacked gross fetal livers (B) but retained normal body weight (C) compared with littermates. (D,E) The E13.5 Sme3VYvavi-Cret’™ embryos had
decreased total fetal liver cells (D) and fetal liver hematopoietic cells (CD45.2%) (E). (F) Myeloid (Gr1*CDI11b*) cells were reduced and
increased proportions of B220* and CD3e™ lymphocytes were observed in E13.5 Smc3V%/Vavi-Cre™ fetal livers compared with littermate con-
trols. (C—F) n=7 embryos per group. *Statistical significance by one-way (D,E) and two-way (F) ANOVA with Tukey’s multiple-comparisons

test, ¥*p < 0.01, ****p < 0.0001.

We performed RNA-Seq to measure global gene
expression in Smc3-haploinsufficient hematopoietic pro-
genitors (Lin-cKit*Scal™) using the constitutive Smc3"
*/VavI-Cre*’~ model. This model was chosen because it
required minimal manipulation of the mice, provided

hematopoietic-restricted deletion, and would evaluate
steady-state hematopoietic conditions. Multipotent pro-
genitors (KLs) were sorted from age-matched individual
wild-type and Smc3"*/Vavi-Cre*’ mice for RNA-Seq.
KLs were selected because Smc3 haploinsufficiency
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resulted in severe multilineage competitive disadvantage
in vivo, suggesting potential defect in the functions of
Smc3-haploinsufficient KLs. However, minimal global
transcriptional changes were detected. Using ¢ tests and
significance analysis of microarrays [31], 149 genes
were identified with differential expression in Smc3-hap-
loinsufficient KLs compared with wild-type controls
(most with less than twofold changes) (Figure 4F).
KEGG pathway analysis showed significance (p < 0.002
and p < 0.005) for progesterone-mediated oocyte matu-
ration and toxoplasmosis, respectively, but these are not
related to hematopoiesis [32]. Smc3 expression was not
observed to be different when analyzed using total reads
across the entire gene. However, we observed a twofold
reduction in the expression of exon 4 consistent with
deletion of this exon (Figure 1C).

To determine whether Smc3 haploinsufficiency
might lead to alterations in global chromatin structure
that may be biologically relevant but did not lead to
measurable altered gene transcription, we performed
transposase-accessible chromatin sequencing (ATAC-
Seq). Chromatin accessibility peaks of the Sme3"
*/Vavl-Cre*’ KLs and littermate Smc3"*controls
revealed by ATAC-Seq were not significantly different
except for peaks in proximity of three genes: Vavl,
Tnpo3, and Tgfb (Figure 4G). The twofold difference
in Vavl was expected for the heterozygous allele and
therefore indicated the fidelity of the data generated by
the assay.

Phenotypes of Smc3 haploinsufficiency following
competitive transplantations

AML emerges following clonal expansion. Therefore, we
conducted competitive transplantation using the inducible
ERT2-Cre model instead of the constituent hematopoietic
Vavi-Cre so that complete engraftment could be verified
6 weeks after transplantation prior to deletion of the
Smc3 allele. In competitive transplantations, we observed
a significant competitive disadvantage in the Smc3"
*/ERT2-Cre*’™ BM cells (Figure 5A). End-point analysis
of BM cells also showed competitive disadvantage in the
Smc3"*/ERT2-Cre*~ HSPCs and across the myeloid, B-
,and T-cell lineages, implying impaired HSPC functions
due to Smc3 haploinsufficiency in the BM and not a
defect in hematopoietic peripheralization or maturation
(Figures 5B—5F). The competitive disadvantage was
observed first in the Grl myeloid compartment, perhaps
due to higher turnover of these cells (Figure 5D). To
verify that the competitive disadvantage observed was
not due to the toxicity of ERT2-Cre, we repeated the
competitive transplantation with the ERT2-Cre*’~ con-
trol mice. The chimerisms of overall CD45.2* cells and
of CD45.2* cells in all lineages were well-preserved,
eliminating the possibility of ERT2-Cre toxicity

(Supplementary Figures E6A and E6B, online only,
available at www.exphem.org).

The absence of preleukemic delayed maturation or
augmented self-renewal in Smc3-haploinsufficient mice
was unexpected. Therefore, we determined whether
Smc3 haploinsufficiency might increase self-renewal if it
occurred in combination with specific conditions of
hematopoietic stress. We again observed a competitive
disadvantage in the Smc3"*/ERT2-Cre*’~ BM cells fol-
lowing TAM induction. Intriguingly, the significant
myeloid competitive disadvantage was ameliorated at 18
weeks after transplantation in the pIpC-treated group,
whereas it was accelerated in the 5-fluorouracil (5-FU)-
treated group, although this effect was transient and, by
week 26, the donor cell populations were equivalently
reduced Figure 5G-J.

Dnmt3a haploinsufficiency partially abrogated myeloid
competitive disadvantage in Smc3-haploinsufficient BM
cells

In AML patients, DNMT3A mutations co-occurred in
approximately one-third of the cases with SMC3 muta-
tions that assess additional mutations [4,5,15,16]. We
therefore investigated whether Smc3 haploinsufficiency
might lead to a competitive advantage if it occurred in
the background of Dnmt3a haploinsufficiency [20].

We observed that with the addition of Dnmt3a haploin-
sufficiency, the severe competitive disadvantage was par-
tially abrogated in the Smc3"*/ERT2-Cre*'™ myeloid cells,
but the significant competitive disadvantage in other line-
ages remained intact (Figures 6A-6D). The same phenotype
was observed in the Sme3"'/ERT2-Cre*’™/Dnmt3a*’~ BM
upon end-point analysis(Figures 6E). Accordingly, even
with constitutive Dnmt3a haploinsufficiency, Smc3 haploin-
sufficiency did not result in competitive growth advantage
in hematopoietic cells.

Discussion

AML is a genetically heterogenous disease character-
ized by clonal expansion of immature myeloblasts
associated with recurrent mutations including the cohe-
sin complex [3—5,15,16,33]. Mutations in the subunits
of the cohesin complex, SMCIA, SMC3, RAD2], and
STAG2, have been found as early subclonal events in
AML, although they are not observed in people with
CHIP [5,15,16,18,19]. In contrast, DNMT3A mutations
are among the most common initiating mutations in
normal karyotype AML patients and the most fre-
quently mutated genes in subjects with CHIP [3,34].
Cohesin mutations are mutually exclusive of one
another and fall into two general categories: mutations
in RAD21 and STAG2 are mainly truncations and fra-
meshifts, whereas the majority of mutations in SMCIA
and SMC3 are missense. In AML, cohesin mutations
are not associated with genomic instability, complex
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karyotypes, or monosomy karyotypes, suggesting alter-
native pathologic mechanisms [4,5,15].

To understand whether leukemia-associated SMC3
missense mutations might have dominant-negative activ-
ities or phenocopy loss-of-function effects, we compared
the consequences of Smc3 deficiency and Smc3 haploin-
sufficiency on murine hematopoiesis using conditionally
deleted strategies. We began by validating the Smc3
allele using whole-genome sequencing, RNA-Seq, and
intracellular flow cytometry, which demonstrated correct
integration, splicing of approximately 50% of alleles
around exon 4 leading to a frameshift mutation and an
early nonsense mutation, and reduced protein levels.
Our findings suggest that leukemia-associated SMC3
mutations are unlikely to have novel dominant-negative
activities because homozygous Smc3 deletion was
incompatible with embryonic (Figure 2) or adult hema-
topoiesis (Figure 3). In these experiments, we observed
the effects first in the myeloid compartment. However,
because myeloid cells have a shorter half-life than other
hematopoietic cell types, the augmented temporal phe-
notypes observed in these cell fractions may be influ-
enced by greater turnover. Collectively, these studies
demonstrate that Smc3 is indispensable for embryonic
and adult hematopoiesis and normal HSPC functions.
Similar severe consequences for Smc3 deficiency [35]
and Rad2] deficiency [36] have been observed, so cohe-
sin genes appear to be essential in hematopoietic cells.

Leukemia-associated SMC3 mutations are observed
across all domains of the protein, and nearly one-third
are nonsense or splice-site variants, suggesting that
many of these mutations are likely to be associated
with loss of function. Therefore, we investigated the
effects of Smc3 haploinsufficiency on murine hemato-
poiesis. Because these mutations are associated with
leukemia, we predicted that Smc3 haploinsufficiency
would augment colony-forming capacity and provide
hematopoietic cells a competitive advantage. However,
we observed neither phenotype. Following Smc3 hap-
loinsufficiency induced with three different Cre models
(CMV-Cre, Vavl-Cre, and ERT2-Cre), we observed
normal CBCs, normal BM hematopoietic population
distributions, and normal colony forming (Figures 4A
—4E). We further examined expression signatures and
ATAC-Seq under these steady-state conditions in
Sme3"*/Vavl-Cre*” mice in which hematopoietic cells
have consistently undergone heterozygous deletion and
external perturbations are minimized; we observed lit-
tle global dysregulation of gene expression or chroma-
tin structure (Figures 4F and 4G). In both studies,
internal markers (Smc3 expression and peaks within
the Vavl locus) served as controls and markers of the
expected dynamic range.

In contrast, under conditions of chimeric competition,
Smc3 haploinsufficiency actually led to competitive

disadvantage in vivo, with progressive population loss over
time (Figures 5SA—5F). In these studies, Smc3 deletion was
induced using ERT2-Cre following a period of 6 weeks
after transplantation to facilitate engraftment and stem cell
homeostasis prior to deletion. Under these conditions, acti-
vation of ERT2-Cre alone does not lead to stem cell toxic-
ity and competitive disadvantage (Supplementary Figures
E6A and EG6B, online only, available at www.exphem.org),
whereas activation of ERT2-Cre just prior to transplanta-
tion does [37]. Analysis of BM populations at the end of
the study suggested reduction of populations with Smc3
haploinsufficiency across progenitor and mature cell types,
eliminating the possibility that Smc3 haploinsufficiency led
to a profound maturation block that prevented leukocyte
peripheralization. The competitive disadvantage induced by
somatic Smc3 acquisition was unexpected; therefore, we
determined whether specific forms of hematopoietic stress
might enable a competitive advantage that could facilitate
stem cell expansion and ultimately enable leukemogenesis.
We again observed a competitive disadvantage that per-
sisted following a stem cell stressor (5-FU exposure) and
an inflammatory stressor (pIpC exposure) (Figure 5G-J).
Finally, because SMC3 mutations may not be the first
acquired mutation during leukemogenic chronicity, we
investigated whether Dnmt3a haploinsufficiency might
facilitate Smc3 phenotypes. Germline Dnmt3a haploinsuffi-
ciency partially abrogated the myeloid competitive disad-
vantage of somatically acquired Smc3 haploinsufficiency
(Figure 6), suggesting that SMC3 mutations may require
preexisting cooperating mutations to facilitate their action.
Additionally, these studies do not eliminate the possibility
that the frequently observed SMC3 missense mutations
may possess novel gain-of-function activity not accessed in
these Smc3-haploinsufficient studies.

Therefore, under conditions of homeostasis, where
all hematopoietic cells have Smc3 haploinsufficiency,
murine Smc3 haploinsufficiency does not appear to
grossly dysregulate hematopoietic feedback mecha-
nisms or alter normal hematopoietic maturation or self-
renewal ex vivo. However, under conditions of compet-
itive transplantation, we observed a disadvantage in
hematopoietic cells across both myeloid and lymphoid
lineages, suggesting reduced cell production at a multi-
potent progenitor level.

These results contrast with previously published
work using either knock-down strategies in CD34"
cord blood cells or using MxI1-Cre activation with
pIpC. Specifically, knocking down of Smc3 using
shRNA or RAD2] and SMCIA mutants have been
shown to increase self-renewal in human cord blood
CD34* HSPCs ex vivo [38,39]. Smc3 haploinsuffi-
ciency induced by Mx1-Cre exhibited shifts in hemato-
poietic cell populations, colony forming, and
competitive transplantation advantage when deleted
using Mx1-Cre 2 weeks after transplantation [35].
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These data suggest that differences in the models may
interact with the biological consequences of Smc3
reduction through as-yet undefined mechanisms.

In addition, It is worth noting that other MDS- or
AML-associated mutations such as U2AFI [40,41],
SRSF2 [42,43], SF3BI1 [44—48], and ASXLI [49,50]
are associated with having a competitive disadvantage,
which may seem counterintuitive for recurring leuke-
mia mutations observed in patients, but appears to be
recurrent biology.

The observed defects in hematopoietic cells with Smc3
deficiency and haploinsufficiency may reflect population
data from the ExAC database, where germline cohesin
mutations are observed at lower than expected frequencies,
suggesting a significant disadvantage in population fitness.
No loss-of-function variants are detected in SMC3,
SMCIA, STAG2, or RAD21 (based on statistical models of
case numbers and gene size, the expected numbers of loss-
of-function variants were 58.5, 32, 42.7, and 21.8, respec-
tively). Missense variants were also significantly underrep-
resented in SMC3, SMCIA, and STAG2, but not in RAD21
(z=6.25, 6.59, 5.11, and 2.76, respectively; more positive
scores indicate fewer variants observed than expected). Of
the published AML-associated missense mutations, only
one is reported in ExAC (K795E occurring in 3/121,384
alleles), although synonymous changes (R155R, Q367Q,
and R391R) and alternative amino acid changes (N604S
and I1001L) are noted [51].

In recent decades, mutations in cohesin complex
genes have been associated with genetic syndromes
referred to as cohesinopathies. Several important fea-
tures differ between cohesinopathies and AML-associ-
ated cohesin mutations. Mutations associated with
cohesinopathy tend to be in cohesin adapter proteins
such as NILS, HDACS8, and ESCO2, with fewer muta-
tions observed in SMC3, SMCIA, RAD2I1, or STAG2
[52]. Cohesinopathies are associated with facial dys-
morphism, cognitive impairment, prenatal and postnatal
growth delay, and multiorgan involvement and the clin-
ical manifestations appear milder in cases with SMC3
and SMCIA mutations compared with NIPBL mutations
[53]. Hematopoietic alterations have not been reported
with cohesinopathy, nor has the development of AML.
Likewise, the accumulation of aneuploidies and others
chromosomal aberrations has been a recurrent feature
of cohesinopathy, whereas this phenotype is largely
absent in cohesin-mutated AML cases, which typically
present with normal karyotypes. Intriguingly, copy
number gains of STAG2 or SMCIA also have been
associated with cohesinopathy phenotypes [54—56],
suggesting that there may be a critical window of ade-
quate cohesin activity and that alterations in either
direction may be detrimental. In contrast to these
human data, in our mouse model, germline heterozygous
Smc3 deletion was tolerated using X-linked CMV-Cre,

which is expressed during early embryogenesis. The hetero-
zygous Smc3""/CMV-Cre™~ female progenies had no
obvious developmental defects and had normal hematopoi-
etic homeostasis in the BM (Supplementary Figure E4,
online only, available at www.exphem.org). The normal
hematopoietic cell numbers and differentials in the mice
reflect the maintained hematopoiesis of cohesinopathies,
whereas the normal number of Smc3-haploinsufficient pups
contrasts with the near absence of cohesin mutations in the
human population data. This discrepancy may be due to
differences between mouse and human biology; alterna-
tively, cohesinopathy mutations may be associated with
gain-of-function activity not recapitulated with this allele or
activity not related directly to the SMC1A/SMC3 complex.

In summary, we did not observe evidence of
impaired differentiation or augmented self-renewal ex
vivo or in vivo when Smc3 haploinsufficiency was gen-
erated using CMV-Cre, Vavi-Cre, and ERT2-Cre.
Instead, Smc3 haploinsufficiency was associated with a
competitive disadvantage, with an early bias towards
phenotypes in the myeloid compartment. In AML
patients, SMC3 mutations are typically early, but not
initiating, genetic events. These data also suggest that
preexisting mutations may be required to enable leuke-
mogenic consequences of SMC3 mutagenesis and to
permit productive clonal expansion. Future studies are
needed to determine the combination of cooperating
mutations that predispose HSPCs to SMC3-induced leu-
kemic transformation and clonal dominance.
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Figure El. Splicing analysis of exon 3 to exon 5 in wild-type and Sme3"*/Vavl-Cre*” KL cells. Lin-cKit+Scal- bone marrow cells were
subjected to RNA-Seq (Figure 1C and 4F). Schema indicates total number of reads spanning each splice junction from indicated mice.
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Figure E2. Representative plot of intracellular flow cytometry data (Figure 1D-E). (A) Percentages of Smc3+ cells (left) and mean fluores-
cence intensity (MFI) (right) of WBM from mice used in Figure 1D. (B). Overlay of the two MFI plots. (C) Percentages of Smc3+ cells (left)
and mean fluorescence intensity (MFI) (right) of lin-, KLS, SLAM, and KL cells from mouse used in Figure 1E. The height of the peak is pro-
portional to the number of events collected.
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Figure E3. Analysis of homozygous somatic Smc3 deletion (A) Western blot of Smc3 in total bone marrow cells following 4 doses of tamoxi-
fen in indicated mice. (B) Image of spleens from Smc3"*/ERT2-Cre*™” and Smc3"* littermate controls following 4 doses of tamoxifen. (C-D)
Proportion of bone marrow cells and thymocytes with indicated immunophenotypes following 4 doses of tamoxifen in Smc3"*/ERT2-Cre*”
mice and littermate controls (n=4 mice per group), *Denotes statistical significance by t test, *p <0.05, **p<0.01, ***p<0.001,
*Hkkp <0.0001.
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Figure E4. Analysis of germline heterozygous Smc3 deletion. (A) Numbers of male vs. female pups generated from Smc3" and CMV-Cre*”
intercrosses (of note, CMV-Cre is X-linked). (B-E) Complete blood counts, total number of bone marrow cells, percentages of HSPCs, and cells
of myeloid (Grl+ CD11b+), B cells (B220+ CD4-), and erythroid cells (Ter1 19+ CD71+) in Smc3*/CMV-Cre*” females and Sme3™* littermate
males, (n=4 mice per group).
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Figure ES. Immunophenotypic analysis of colonies in serial replating assay ex vivo (Figure 4C-E). (A) Percentages of Grl+ CD11b+ and
cKit+ FcER1+ cells in the Smc¥* and Smc3"*/ERT2-Cre*” colonies week 1-4 respectively (n=4 mice per group). (B) Representative plot of
the Smc3"* and Smc3"*/ERT2-Cre*” colonies week 1-4. *Denotes statistical significance by t test, *p < 0.05.
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Figure E6. Competitive transplantation of ERT2-Cre*” bone marrow cells (A) Competitive repopulation assay using ERT2-Cre*”” BM cells
with competitor CD45.1 x CD45.2 bone marrow cells (3 donor mice and 5 recipient mice). Following 6 weeks of engraftment, equal peripheral
chimerism was validated and recipient mice were treated with 9 doses of tamoxifen. (B) At interval time-points during follow-up peripheral
blood chimerism was evaluated within the Grl, B220, and CD3e compartments.
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