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Abstract
The altered expression of transcription factors in hematopoietic stem cells and their subsequent
lineages can alter the development of lymphoid and myeloid lineages. The role of the
transcriptional repressor Snai3 protein in the derivation of cells of the hematopoietic system was
investigated. Snai3 is expressed in terminal T-cell and myeloid lineages, therefore, we chose to
determine if expressing Snai3 in the early stages of hematopoietic development would influence
cell-lineage determination. Expression of Snai3 by retroviral transduction of hematopoietic stem
cells using bone marrow chimera studies demonstrated a block in lymphoid-cell development and
enhanced expansion of myeloid-lineage cells. Analysis of Snai3-expressing hematopoietic
precursor cells showed normal numbers of immature cells, but a block in the development of cells
committed to lymphoid lineages. These data indicate that the overexpression of Snai3 does alter
bone marrow cell development and that the identification of genes whose expression is altered by
the presence of Snai3 would aid in our understanding of these developmental pathways.
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Introduction
In vertebrate species there are four members of the Snail superfamily: Snai1, Snai2, Snai3,
and Scratch [1]. Snail family members function as transcriptional repressors by their N-
terminal-repressor domain or by sequence-specific binding to DNA by their C-terminal zinc
finger domain [1, 2]. Mammalian family members have a conserved N-terminal SNAG
(Snail/Gfi-1) domain that interacts with corepressors and is either required for, or augments
repression [2–4]. The DNA binding, C2H2 zinc fingers of the Snail proteins are similar and
conserved; the zinc fingers of the mouse Snai1, Snai2, and Snai3 proteins are ~ 60–95%
identical in amino acid sequence [2, 3]. Snail family members bind to E box consensus sites
of CAGGTG (or CANNTG) [3] with the mouse Snai3 protein showing specificity for
CACCA/TG/T [5].
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In the mouse, Snai1 and Snai2 have been associated with embryogenesis and epithelial-
mesenchymal transition [6–10]. Snai2 is a downstream effector of the stem cell factor
(SCF)/c-Kit signaling pathway and Snai2-knockout mice have a similar phenotype to the
SCF (sl) and c-Kit (w/wv) mutant mice [11]. Snai2−/− mice have atrophied thymus, however,
other hematopoietic lineages develop normally in these mice [11]. Overexpression of Snai1
also causes an atrophied thymus, but peripheral blood CD4+ and CD8+ T-cell populations
are unaffected [12]. Forced expression of either Snai1or Snai2 can lead to B-cell and
myeloid leukemias [12–14].

Snai3 has been shown to actively repress transcription [3]. Snai3 expression has been
reported in skeletal muscle, thymus, and myeloid cells [3, 5, 15, 16]. Human Snai3 (SNAI3)
has been identified in silico and contains the same SNAG and zinc finger domains as the
mouse protein [17]. To elucidate the function of mouse Snai3, we adopted a gain of function
approach to determine if the expression of Snai3 in hematopoietic stem cell (HSC)
precursors would alter the derivation of mature end-stage lineage cells. In this report, we
demonstrate that constitutive expression of Snai3 in early bone marrow (BM) lineages
resulted in a block in lymphoid-development concomitant with an expansion of myeloid
lineages suggesting that Snai3 repression of target genes in differentiating myeloid and
lymphoid cells had opposite effects upon their maturation.

Results and discussion
Snai3 retroviral bone marrow transduction and reconstitution of irradiated animals

We constructed a Snai3-expressing retrovirus vector that could be used to infect BM HSCs
that would give rise to hematopoietic cell lineages. We utilized the pBMN-1 green
fluorescent protein (GFP) retrovirus vector (Empty-RV) by cloning the coding sequence of
Snai3 just upstream of the internal ribosome entry site (IRES) site and GFP gene, producing
a bicistronic transcript such that every cell expressing GFP should also produce Snai3
(Snai3-RV) (Fig. 1A). The Plat-E virus packaging line transfected with control Empty-RV
or Snai3-RV showed GFP protein expression for both virus constructs but Snai3 protein
only upon Snai3-RV transfection (Fig. 1D). Supernatants from these packaging line cultures
were used to transduce HSC (Fig. 1B and D). Efficiency of transduction with Empty-RV
(top plot) or Snai3-RV (bottom plot) virus averaged about 40–50% of the culture. HSC from
B6.SJL mice that express the polymorphic hematopoietic CD45.1 marker (donor mice) were
infected with the Empty-RV and Snai3-RV supernatants and transplanted into irradiated
C57BL/6 mice (recipient mice) that possess the CD45.2 polymorphic hematopoietic marker.
The protocol allowed each cell to be identified as donor or recipient origin based on CD45
surface expression. RV-chimeric mice had between 75 and 87% reconstitution with the
CD45.1 donor cells in the peripheral blood mononuclear cells (PBMCs) (Fig. 1C);
additional experiments also ranged from 75 to 95% reconstitution (data not shown). The
GFP histograms of the PBMCs of RV-chimeric mice show that about 38% of cells in the
Snai3-RV-transduced mouse expressed high levels of GFP (and Snai3) while about 18% of
the Empty-RV-transduced mouse expressed high levels of GFP (but no Snai3) (Fig. 1C).
The efficiency of virus transduction and reconstitution varied but averaged about 35% total
GFP+ cells for Snai3-RV and 25% for Empty-RV constructs. The percentage of CD45.1
donor cells and GFP+ cells in these RV-chimeric mice remained constant beyond 12 weeks
post-transplant indicative of long-term stem cell reconstitution.

Snai3 constitutive expression inhibits lymphocyte and promotes myeloid development
To determine if the constitutive expression of Snai3 affected the development of
hematopoietic lineages, PBMCs obtained from irradiated mice reconstituted with BM
transduced with either the Empty-RV or Snai3-RV vectors were stained with lineage surface
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markers 8 weeks postreconstitution and analyzed by fluorescence-activated cell sorter
(FACS) [18]. Each PBMC lineage was analyzed as a total PBMC population (left set of
panels) and then gated into three subsets (GFP Negative, GFP Low, and GFP High) (See
Fig. 1C) [19, 20]. As shown in Fig. 2A and B, in comparing a single set of Empty-RV and
Snai3-RV animals, virtually no GFP+ Snai3-expressing B cells were found in the Snai3-RV
samples (3%) while GFP+ B cells were evident in the Empty-RV animals (45%).
Conversely, GFP+ Snai3-expressing cells of the myeloid lineage were found in the Snai3-
RV animals (47%) similar to that seen for GFP+ myeloid cells from the empty-RV animal
(36%). In order to quantify these data, n = 9 different Empty-RV mice and n = 7 Snai3-RV
mice were analyzed (Fig. 2C). The percentages of total CD4+ and CD8+ T cells,
B220+CD19+ B cells, GR1+CD11b+ granulocytes, and CD11b+ monocytes were the same
between the two sets of samples except for a slight expansion in total CD11b+ monocytes in
the Snai3-RV samples (total PBMCs). The Snai3-RV infected lineages were virtually devoid
of lymphoid cells (CD4+ and CD8+ T cells, and B220+ CD19 B cells: GFP High Subset)
that were clearly present in the Empty-RV animals (GFP High Subset) although the
depression of B-cell development in the Snai3-overexpressing cells appears to be more
complete than that of the T-cell lineages. Cells expressing the Snai3-RV were primarily of
the myeloid lineages defined by the GR1 and CD11b markers. Lymphoid lineages within the
Snai3-RV mice were present; however, but only within the noninfected population (GFP
Negative and GFP Low subsets). Thus the presence of Snai3 during bone marrow cell
differentiation either poisons lymphocyte development or dramatically enhances the
development of myeloid lineages.

Constitutive expression of Snai3 does not alter development of early stem cell lineages
The previous figure demonstrated the effect of Snai3 expression on the presence of end
stage cells but did not indicate at what point in hematopoietic cell differentiation the
function of Snai3 is critical. To address this question, we sought to determine if the
expression of Snai3 in HSC altered the development of early progenitor populations. After
depletion of the lineage-positive fraction and analyzing the remaining cells (Lin−) with
antibodies specific for c-Kit and Sca-1 surface markers, BM progenitors were divided into
four progressively more differentiated and mature populations [21–25]. Specifically, four
gates were used to analyze Sca-1 and c-Kit populations (Fig. 3, left panels), starting with the
least to the most differentiated: Gate 1- c-Kit+Sca-1+, Gate 2- c-Kit+Sca-1Int, Gate 3- c-
KitIntSca-1Int, and Gate 4- c-Kit+Sca-1− [21, 23, 26]. The percentage of cells in each gate is
shown as a number next to each box in the Lin− BM plots.

Analyzing the gated populations for GFP expression (right panels) showed that the
populations in all four gates were virtually identical with no absence or expansion in each
gate when comparing Empty-RV and Snai3-RV mice, and in comparing with wild-type
(WT) BM. The lack of alteration in any one of the four gated progenitor populations
indicates that the blockade of lymphocyte differentiation and expansion of the myeloid
lineage occurs in more mature progenitor stages of these lineages.

Additional experiments on such mice indicated no GFPHigh cells were found in the thymus
of Snai3-RV mice (data not shown). GFPHigh cells are found in the BM of Snai3-RV (and
Empty-RV) mice; however, the GFPHigh cells in Snai3-RV mice do not express B220,
CD43, or IgM that are indicative of the first stages (pro-B and pre-B) of B-cell development
(data not shown). Thus the blockade in differentiation of maturing T and B cells in the
Snai3-expressing HSC occurs between the c-Kit+Sca− stage and the more mature common
lymphoid progenitor population.
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Concluding remarks
The data presented in this report indicate that the expression of Snai3 in bone marrow
progenitors alters neither the maintenance of the stem cells nor the early stages of stem-cell
differentiation but does dramatically skew the production of cells committed to the
lymphoid or myeloid lineages. The Snai3 protein could alter these maturation profiles either
through the repressor function of the SNAG domain of the protein, or by competing with
endogenous transcriptional regulators for binding to E box sites. The identification of genes
whose expression is influenced by the presence of Snai3 in these precursor populations may
provide key insight into the regulation of differentiation of myeloid- and lymphoid-precursor
cells.

Materials and methods
Animals

Animals were housed in the Animal Resource Center (University of Utah Health Science
Center, Salt Lake City, UT) according to the guidelines of the National Institutes of Health.
C57BL/6 and B6.SJL-Ptprc Pepc/BoyJ were obtained from The Jackson Laboratories.
C57BL/6CrSlc-Tg(ACTb-EGFP)OsbC14-Y01-FM131 mice ubiquitously expressing GFP
were utilized [27].

Retroviral constructs/transfection
The pBMN-1-GFP retrovirus was obtained from Addgene (plasmid 1736). The coding
sequence of Snai3 (base pair (bp) 79–942 of NM 013914.2) was cloned into the Bam HI and
XhoI sites of the vector. The Snai3 encoding cDNA was obtained by RT-PCR amplification
of mouse thymus cDNA using 5′-CGGATCCATGC CGCGCTCCTTCCTGGTGA and 5′-
GCTCGAGCTAGGGGCCAGGAC AGCAGC oligonucleotides. PCR amplification was
performed using Platinum pfx (Invitrogen, Grand Island, NY, USA). PCR amplification was
55°C annealing (30 s), 68°C extension (2 min) and 95°C denaturing (30 s) for 40 cycles.
After subcloning the sequence was confirmed to match that of the reference sequence of NM
013914.2. Plat E cells were grown in stem cell media (SCM): Dulbecco’s modified
Eagle’smedium (DMEM) supplemented with 15% FCS, P/S, 1 μg/mL puromycin (Sigma,
St. Louis, MO, USA), and 10 μg/mL blasticidin (Sigma) except during virus production
when antibiotics were subtracted [28]. Retroviral vectors were transfected into the Plat E
packaging cell line using Fugene HD reagent (Roche, Pleasanton, CA, USA) at a 6:1 ratio.
Cells were incubated at 37°C for 24 h then switched to 32°C for virus production in fresh
media. Supernatant was collected and filtered through a 0.45 μm filter prior to use in
transduction.

Retroviral transduction of bone marrow
B6.SJL were injected with 300 μL 10 mg/mL 5′ fluorouracil (Sigma) in PBS [29]. Four
days later their BM was collected and cultured with RBC in SCM with 100 ng/mL SCF
(Sigma), 20 ng/mL IL-6 (Sigma), and 10 ng/mL IL-3 (Sigma) at 5–6 × 106 cell/mL for 2
days at 37°C. Stem cell cultures were collected and red blood cell (RBC) lysed with
ammonium chloride potassium (ACK). Remaining cells were resuspended in 7.5 mL filtered
retroviral supernatant, 2.5 mL SCM, 4 μg/mL polybrene (Sigma), and fresh cytokines into
six well plates treated with human fibronectin (Sigma) for 4 h at room temperature. Cultures
were transduced by spinoculation at 1800 rpms and 37°C for 2 h. Cultures were incubated at
37°C for 24 h and then retransduced with fresh virus supernatant for another 24 h. Cultures
were collected, washed twice in PBS, resuspended in PBS, and retinal orbitally injected into
irradiated C57BL/6 mice. C57BL/6 mice were irradiated with one lethal dose of 950 rads 24
h prior to reconstitution.
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FACS analysis
PBMCs were collected by submandular bleeds into heparin (Sigma) treated tubes. RBCs
were precipitated with 20 mg/mL Dextran T500 (Amersham Pharmacia Biotech,
Piscataway, NJ, USA) in PBS for 30 min at 37°C. Supernatants were collected, spun, and
remaining RBC were lysed with ACK. Cells were washed twice with staining buffer (PBS +
0.5% BSA) before staining with CD45.1-PE (eBioscience A20, San Diego, CA, USA) and
CD45.2-PerCP-Cy5.5 (eBioscience 104) for donor reconstitution, CD4-PerCP-Cy5 (BD
Pharmingen RM-4, San Jose, CA, USA) and CD8-PE (eBioscience 53–6.7) for T
lymphocytes, B220-PE-Cy5 (eBioscience RA3–6B2) or B220-PerCP-Cy5.5 (eBioscience
RA3–6B2) and CD19-PE (eBioscience eBioD3) for B lymphocytes, or CD11b-PerCP-Cy5.5
(eBioscience M1/70) and Gr-1-PE (BD Pharmingen RB6.8C5) for myeloid cells.

Isolation of hematopoietic progenitors and FACS
BM cells were flushed from tibia and femur, treated with ACK to lyse RBCs, and filtered.
Mature BM cells were lineage depleted with a standard cocktail of rat antibodies: CD2,
CD3, CD5, CD8, CD11b, Ly-6G, TER119, CD45R, and CD19. Labeled cells were removed
by two consecutive depletions with Dynabeads sheep antirat IgG (Invitrogen Dynal).
Remaining progenitor cells were incubated with Sca-1-PE (BD Pharmingen D7) and c-Kit-
AF647, and DAPI for viability. Cell data was collected with BD FACSAria or BD
FACScanto II and data analysis was done with BD FlowJo software. Monoclonal antibodies
raised against CD2 (Rm2.2), CD3 (KT3–1.1), CD5 (53–7.3), CD8 (53–6.7), CD11b
(M1/70), Ly-6G (RB6–8C5), TER119, CD45R (RA3–6B2), CD19 (1D3), and c-Kit (3C11)
were purified from cultured hybridomas.

Statistical analysis
Data are given as means ± standard deviation. Student’s t-test was used to determine
significant differences between samples.
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Figure 1.
Retroviral constructs plus transduction and reconstitution efficiency. (A) The pBMN-1-GFP
retroviral plasmid is shown with the Snai3 coding sequence inserted upstream of the IRES
for the GFP gene. (B) Histogram shows an example of BM cells transduced with RV based
on GFP expression. (C) Histograms show donor lineage contribution in PBMCs of RV-
chimeric mice (CD45.1, left) and percentage of PBMCs in chimeric mice containing RV by
GFP expression (right). The GFP histogram was gated into three subsets: GFP−

(nontransduced), GFPlow (intermediate), and GFPHigh (transduced) for further examination
of PBMCs (right). (D) Immunoblots of lysates from Plat E virus-packing cell line
transfected with mock, Empty-RV, or Snai3-RV constructs, probed with antibodies specific
for GFP, β-actin and Snai3 (left), and of BM stem cell cultures transduced with the Empty-
RV or Snai3-RV retrovirus constructs (right). As a positive control, BM from the ROSA-
GFP transgenic mouse, with constitutive GFP expression, was used (GFP PC). (B–D)
represent data taken from one set of infections and transfers, however, they are
representative of more than three similar analyses
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Figure 2.
Analysis of RV-chimeric mice PBMCs for hematopoietic lineages. Lineage analysis of
PBMCs for B-cell and myeloid lineages using standard surface markers on gated GFP
subsets (See Fig. 1C). Total PBMC lineage populations are shown at the left and each gated
subset is shown on the right. (A) B lymphocyte analysis using B220 and CD19 markers. (B)
Myeloid analysis using Gr-1 and CD11b. Percentiles denote cells within that gate compared
with total cells within that plot. (C) Statistical analysis of 12 weeks PBMC populations from
Empty-RV (n = 9) and Snai3-RV (n = 7) chimeric mice analyzed on three different dates.
Data are shown as mean + SD; *statistically significant difference in a defined lineage when
comparing Snai3-RV with Empty-RV mice within each gated subset. All p-values ≤ 0.03
with a majority of p-values ≤ 0.007. CD4+ and CD8+: T cells, B220+/CD19+: B cells.
Gr1+CD11b+: granulocytes, CD11bSP: monocytes.
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Figure 3.
Analysis of HSC progenitor cells. Data shown are obtained from representative animals for
both Empty-RV and Snai3-RV mice but are similar to that obtained from an additional four
animals per chimera model. Lin− BM was gated into four subpopulations based on c-Kit and
Sca-1 staining (left). Numbers next to each gate represent the percentage of cells in each
gate. Each subpopulation (Gate 1–4) was separated into GFP+ (top box) and GFP− (bottom
box) populations versus forward scatter. The number in each box represents the percentage
of the gated subpopulation. GFP+ cell were found in each subpopulations for both GFP-RV
and Snai3-RV mice. The data plots shown are from one set of analyses and are
representative of three distinct experiments.

Dahlem et al. Page 10

Eur J Immunol. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


