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Monocytopoiesis involves the stepwise differentiation in the bone marrow (BM) of common myeloid precur-
sors (CMPs) to monocytes. The basic helix-loop-helix transcription factor TAL1/SCL plays a critical role in
other hematopoietic lineages, and while it had been reported to be expressed by BM-derived macrophages, its
role in monocytopoiesis had not been elucidated. Using cell explant models of monocyte/macrophage (MM)
differentiation, one originating with CMPs and the other from more committed precursors, we characterized
the phenotypic and molecular consequences of inactivation of Tall expression ex vivo. While Tall knockout had
minimal effects on cell survival and slightly accelerated terminal differentiation, it profoundly inhibited cell
proliferation and decreased entry into and traversal of the G, and S phases. In conjunction, steady-state levels
of p16(Ink4a) mRNA were increased and those of Gafa2 mRNA decreased. Chromatin immunoprecipitation
analysis demonstrated the association of Tall and E47, one of its E protein DNA-binding partners, with an E
box-GATA sequence element in intron 4 of the Gafa2 gene and with three E boxes upstream of p16(Ink4a).
Finally, wild-type Tall, but not a DNA binding-defective mutant, rescued the proliferative defect in 7all-null
MM precursors. These results document the importance of this transcription factor in cell cycle progression

and proliferation during monocytopoiesis and the requirement for direct DNA binding in these processes.

Mononuclear phagocytes serve as critical effectors of both
innate and adaptive immunity and have important functions in
the maintenance of tissue homeostasis. Macrophages derive
from common myeloid precursors (CMPs) that differentiate in
the bone marrow (BM). Monocytopoiesis is driven by specific
growth factors that include interleukin-3 (IL-3) and macrophage
colony-stimulating factor (M-CSF) and by transcription factors,
including PU.1 and C/EBPa (10). This generates monoblasts,
promonocytes, and finally monocytes, which are released into
circulation (10, 12). While monocytes are capable of phagocytosis
and cytokine secretion, their functional capabilities are enhanced
with differentiation to macrophages in tissues.

The T-cell acute lymphoblastic leukemia 1 (TALI) gene,
also known as stem cell leukemia (SCL), encodes a class II
basic helix-loop-helix (bHLH) transcription factor that regu-
lates both embryonic and adult hematopoiesis (25, 28, 39, 42,
43, 45). In the adult, TAL1 has a recognized role in the dif-
ferentiation of erythroid, megakaryocytic, and mast cell pro-
genitors (1, 3, 13, 14, 31, 41, 54) and is expressed in vascular
and lymphatic endothelial cells under both physiological and
pathological conditions (49). Heterodimers of TAL1 and ubig-
uitous bHLH proteins known as E proteins regulate transcrip-
tion by binding to specific regulatory regions in target genes in
association with the zinc finger transcription factor Gatal or
Gata2. The sequence element recognized by those complexes
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includes an E box (CANNTG) that binds a bHLH heterodimer
and a WGATAR motif recognized by a GATA protein (34, 35,
56, 58, 60). TALI/E protein heterodimers can also bind E
boxes to effect transcriptional repression (8, 11, 19, 20, 55). In
murine erythroleukemia and T-cell acute lymphoblastic leu-
kemia cell lines, TAL1 had been shown to interact with a
number of nuclear corepressors, including mSin3A and
HDACI (21, 23), Brgl and HDAC?2 (59), and Mtgl6/Eto-2
and Mtgrl (6, 44).

Although an important role for TAL1 has been demon-
strated in other hematopoietic lineages, a function in mono-
nuclear phagocyte production, while suggested by a number of
observations, had not been established. First, TAL1 had been
found to contribute to specific E box DNA-binding complexes
in the M1 monocytic leukemia cell line (55). While studies with
M1 cells and the human bipotent cell line TF-1 suggested that
it was downregulated during monocytic differentiation (18, 50,
55), TALI mRNA or protein was detected in mouse peripheral
blood mononuclear cells and BM macrophages (25) and
zebrafish (62) and human (41) macrophages. In addition,
higher and earlier expression of IL-6 receptor (1/6-r) and col-
ony-stimulating factor 1 receptor (CsfIr) mRNA (our unpub-
lished data) was observed in Tall-transduced primary mouse
BM monocyte/macrophage (MM) precursors and M1 cells in-
duced to differentiate with mouse M-CSF (mM-CSF) and IL-6
(mIL-6), respectively. In contrast, knockdown of TALL1 in hu-
man cord blood CD34™ cells by short hairpin RNA reduced
the numbers of both myeloid and erythroid cell progenitors
(5). Finally, while deletion of Ta/l in adult hematopoietic stem
cells (HSCs) did not affect granulocyte-macrophage or macro-
phage progenitor numbers (16, 30), 5-fluorouracil (5-FU)
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treatment of Tall '~ mutant mice resulted in a transient but
significant delay in the recovery of circulating monocytes
(David Curtis, unpublished data).

In this study, we establish that Tall is expressed at all stages
of monocytic differentiation from CMP to macrophage and
report a previously unrecognized function of this hematopoi-
etic transcription factor in cells of this lineage. Using an ex vivo
method of Tall gene deletion, knockout of 7all in BM mono-
nuclear cells was found to suppress cellular proliferation at a
relatively late stage of monocytopoiesis and delay entrance into
and progression through S phase. Finally, we identify two
genomic targets of TAL1 in differentiating MM precursors
whose altered expression likely contributed to the abnormal
phenotype of knockout cells.

MATERIALS AND METHODS

Cell lines and cell culture reagents. The mouse myeloid leukemia cell line M1,
connective tissue cell line .-929, and retroviral packaging cell line BOSC23 were
purchased from the American Type Culture Collection (Manassas, VA). M1
cells were maintained in RPMI 1640 medium (Invitrogen, Carlsbad, CA) sup-
plemented with 10% fetal bovine serum (FBS) (Invitrogen) and 1% penicillin-
streptomycin (Invitrogen) and induced to differentiate with 50 ng/ml mIL-6
(Stem Cell Technologies, Vancouver, Canada). L-929 cells were cultured in
Eagle’s minimum essential medium (Invitrogen)-15% FBS-2 mM L-glutamine
(Invitrogen)-1 mM sodium pyruvate (Fisher Scientific, Pittsburgh, PA)-1% pen-
icillin-streptomycin. The BOSC23 cell line was maintained in Dulbecco’s mini-
mum essential medium (DMEM; Invitrogen)-10% FBS-1% penicillin-strepto-
mycin and GPT selection medium (Millipore, Billerica, MA).

For preparation of L-cell conditioned medium, 1.25 X 10° L-929 cells were
seeded into 30 ml of medium. Medium was harvested 7 to 10 days later, centri-
fuged at 1,500 X g for 20 min, and then forced through a 40-pm filter to remove
cellular debris. This conditioned medium served as a source of M-CSF in mouse
MM progenitor cell cultures.

Plasmids and ¢cDNAs. The murine stem cell virus (MSCV)-based bicistronic
vectors MSCV-IRES-GFP, MSCV-IRES-GFP-Tall, and MSCV-IRES-GFP-
Tall™?” have been previously described (22). A Gata2 cDNA was obtained
from J. Douglas Engel (University of Michigan, Ann Arbor), a Cre expression
plasmid from Lishan Su (University of North Carolina, Chapel Hill), and the
MSCV-IRES-YFP vector from Derek Persons (St. Jude Children’s Research
Hospital, Memphis, TN).

Mouse genotyping and breeding. Three-week-old C57BL/6J mice were pur-
chased from Jackson Labs (Bar Harbor, ME). Mice with a loxP-targeted Tall
allele (SCL™ PPy and SCL**#'"T mice, both in a C57BL/6 background, have
been previously described (9, 16). Mice were housed in an AAALAC-accredited
animal facility at Vanderbilt University Medical Center according to approved
guidelines. SCL/*P" and SCLE*“"T mice were intercrossed to generate
SCL!o*PIkacZ mice, with genotyping carried out by PCR analysis of DNA ex-
tracted from tail biopsy samples. The forward primer for the floxed and wild-type
Tall alleles was TCCCAAGCCCAAAGATTTCCCCAATG, and that for the
excised allele was GCAAGCTGGATGGATCAACATGGACCT. A common
reverse primer with the sequence GCAAGCTGGATGGATCAACATGCACCT
was used for all three alleles. For detection of the LacZ knock-in allele, the
forward and reverse primer sequences were, respectively, GGATGGCGGGGC
ACACGAGGTAA and TGCCAGTTTGAGGGGACGACGACA.

Gene targeting. BM cells from SCL"/-%Z mice were transduced with
MSCV-GFP-Cre (where GFP is green fluorescent protein) or its parental vector
using the methods described below. Cre expression resulted in excision of the
single floxed Tall locus, generating SCL*-4Z cells, which were effectively nul-
lizygous, while compound heterozygotes (SCL/**/t<Z genotype) that were
transduced with the parental vector served as controls. GFP-expressing cells
were isolated in a fluorescence-activated cell sorter and returned to culture for
subsequent studies.

Fluorescence-activated cell sorting (FACS) and flow cytometry analysis.
FACS and standard flow cytometry analysis were carried out in FacsAria and BD
FacsCanto II instruments, respectively, running FacsDiva software (Becton
Dickinson, Franklin Lakes, NJ). Data analysis was performed using WinList
software, and PKH26 dye dilution data were modeled with ModFit LT software
(Verity Software House, Topsham, ME).
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Isolation and culture of mouse BM CMPs. CMPs were purified and cultured
using previously published procedures (48), with minor modifications. Briefly,
BM cells were isolated from 3- to 5-week-old C57BL/6J mice and depleted of
lineage-committed cells using a Mouse Lineage Cell Depletion kit (Miltenyi
Biotec, Auburn, CA) according to the manufacturer’s recommendations. These
lineage marker-negative cells were stained with Pacific Blue-conjugated anti-
mouse CD117 (c-kit; Biolegend, San Diego, CA), phycoerythrin (PE)-conjugated
anti-Ly6C (Miltenyi Biotec), and allophycocyanin (APC)-conjugated anti-CD31
(eBioscience, San Diego, CA) monoclonal antibodies (MAbs) or their isotype
controls. The c-kit"€"/CD-31"&"/Ly6C"°¢ population was then isolated by FACS
and cultured in DMEM-15% FBS-0.5 pM B-mercaptoethanol (Sigma-Aldrich,
St. Louis, MO)-20 ng/ml recombinant mM-CSF-15 ng/ml IL-3-100 U/ml IL-1a
(all from Stem Cell Technologies) to induce macrophage differentiation. Mac-
rophages were activated by the addition of 150 U/ml gamma interferon (IFN-vy;
BioLegend) and 100 ng/ml lipopolysaccharide (LPS; Sigma-Aldrich).

Retroviral transduction of terminally differentiating mouse BM MM precur-
sor cells. High-titer, ecotropic retrovirus-containing conditioned medium was
collected 48 h after transfection of BOSC23 packaging cells (38) with MSCV-
IRES-GFP or -YFP (yellow fluorescent protein) vectors. BM cells were isolated
from 3- to 5-week-old mice and cultured for 24 h under the above-described
conditions, and nonadherent cells were subjected to Pronase digestion (Roche,
Branford, CT) and centrifugation through a step gradient of horse serum
(HyClone, Logan, UT) (15, 47, 53). The resulting mononuclear cell preparations
were mixed with conditioned medium containing viral particles and 4 pg/ml
Polybrene (Sigma-Aldrich) and subjected to two rounds of centrifuge-assisted
infection (9,000 X g for 1 h each at 37°C) at an interval of 3 to 4 h. Cells were
returned to culture overnight and transduced a final time 12 h later. After
another 24 h in culture, nonadherent cells were collected and analyzed for
integration of the retroviral vector on the basis of GFP or YFP expression. GFP-
and YFP-expressing cells were returned to culture in the presence of 20 ng/ml
mM-CSF and 40% L-cell conditioned medium.

Quantitative real-time PCR analysis. Total cellular RNA was extracted using
RNeasy reagents (Qiagen, Valencia, CA), and genomic DNA was removed by
the DNA-Free product (Ambion, Austin, TX). RNA was reverse transcribed
using iScript (Bio-Rad, Hercules, CA), and specific transcripts were analyzed by
real-time PCR using iQ SYBR green Supermix (Bio-Rad). Gene expression
was normalized to ribosomal protein S16 (RPS16) RNA expression. The
sequences of the primers used were as follows: Tall forward primer, ATAG
CCTTAGCCAGCCGCTG; Tall reverse primer, GCCGCACTACTTTGGT
GTGA; RPS16 forward primer, CACTGCAAACGGGGAAATGG; RPSI6
reverse primer, CACCAGCAAATCGCTCCTTG; Gata?2 forward primer, CC
GACGAGGTGGATGTCTTC; Gata?2 reverse primer, TGGGCTGTGCAAC
AAGTGTG; pl6(Ink4a) forward primer, GGACATCAAGACATCGTG
CGA; pl16(Ink4a) reverse primer, ATTGGCCGCGAAGTTCCA.

Apoptosis analysis. MM precursors cultured for the indicated times were
stained with APC-conjugated annexin V (BD Biosciences, San Jose, CA) and the
DNA-intercalating dye 7-aminoactinomycin D (7-AAD; Invitrogen). Cells were
then analyzed by flow cytometry, with those excluding both stains scored as
viable. Briefly, cells were suspended in 100 pl of binding buffer (10 mM HEPES
buffer, pH 7.4, 140 mM sodium chloride, 2.5 mM calcium chloride) and incu-
bated with 5 pl of APC-annexin V for 15 min at room temperature in the dark.
After washing, cells were resuspended in 500 wl of binding buffer, stained with 2
g of 7-AAD, and analyzed by flow cytometry.

Cell division analysis. Cell division was analyzed with the membrane-interca-
lating red fluorescent dye PKH26 (PKH26 MINI kit; Sigma-Aldrich). Retrovi-
rus-transduced cells were labeled with PKH26 according to the manufacturer’s
instructions, and cells positive for both PKH26 and GFP fluorescence were
isolated and returned to culture. Cells were analyzed at the indicated times by
flow cytometry, and the decrease in fluorescence intensity over time in culture
was used to quantify cell division. This was modeled using ModFit LT software.

Cell differentiation analysis. Differentiation of MM precursors was studied by
flow cytometry analysis of cell surface antigens with PE-conjugated anti-Ly-6C
(Miltenyi Biotec) and APC-conjugated anti-CD31 (eBioscience) MAbs and their
isotype controls (48). Cell morphology was determined from Wright-Giemsa
staining of cytospin preparations.

Cell cycle analysis. Bromodeoxyuridine (BrdU) pulse-chase analysis was car-
ried out using an APC BrdU Flow Kit (BD Biosciences) according to the
manufacturer’s recommendations. Cells were labeled with 10 puM BrdU for 45
min, washed with complete medium, and returned to culture in fresh medium. At
specific times (0, 1, 2, and 4 h), labeled cells were washed with staining buffer (1x
Dulbecco’s phosphate-buffered saline, 3% FBS, 0.09% sodium azide), fixed in
BD Cytofix/Cytoperm buffer, and processed for flow cytometry analysis. As
described below, cells were also incubated with 10 puM BrdU for prolonged
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FIG. 1. Tall mRNA expression during in vitro differentiation of CMPs to macrophages and following LPS/IFN-vy activation. (A) Total RNAs
prepared from purified precursors and differentiated cells at the indicated times in culture were converted to cDNA for real-time PCR analysis
employing SYBR green fluorescence. Each bar represents the mean =+ the standard deviation from three independent PCRs as normalized to
RPS16 mRNA expression. Results are representative of three independent experiments. (B) Morphology of differentiating cells from Wright-
Giemsa stains of cytospin preparations. (C) Western blot analysis of Tall expression in cultures of terminally differentiating mouse BM MM
precursors. Results are representative of two independent analyses. (D) Graph of normalized Tall expression from Western blot analysis.

periods, including 12, 24, 36, and 48 h. These cells were processed for flow
cytometry analysis identically to the others.

Chromatin immunoprecipitation (ChIP) analysis. ChIP analysis was carried
out using a commercial kit (Millipore) with certain modifications (59). Formal-
dehyde was added at a final concentration of 1% to 2 X 107 cells for 20 min at
37°C. For M1 cells, cross-linking was carried out with 1 X 108 cells cultured in the
presence or absence of recombinant mIL-6 for 48 h. All subsequent steps were
carried out according to the manufacturer’s instructions. Antibodies used in
immunoprecipitation of chromatin fragments included rabbit polyclonal anti-
Tall (25), anti-E47 (sc-763X; Santa Cruz), and anti-E2A (Yae) (sc-416X; Santa
Cruz), in addition to normal rabbit IgG (sc-2027; Santa Cruz). Immunoprecipi-
tated DNA was analyzed by real-time PCR with iQ SYBR green Supermix
(Bio-Rad), and occupancy was quantified for all antibodies and IgG and ex-
pressed as a percentage of the input. The sequences of the primers used were
as follows: pl6(Ink4a) —13 region forward, CCACTGGTCACACGACTG;
pl6(Ink4a) —13 region reverse, GCACGTCATGCACACG; pl6(Ink4a) —2592
region forward, CCCTAGCCAAATCTGACAT; pI6(Ink4a) —2592 region re-
verse, TCCAGGTAGTACATGCTTTCA; pl16(Ink4a) —4638 region forward,
CCTCTCCAGGGTAGTCATGG; pl6(Ink4a) —4638 region reverse, GATGC
AAGAATCACACAAAGG; pI16(Ink4a) —5106 region forward, CACTTTGCT
TATACTGGATGG:; pl6(Ink4a) —5106 region reverse, CCAGTGAAACCCT
TGTATCTT; pl16(Ink4a) —6932 region forward, GCTTTCACAGGACACAG
AAGG; pI6(Ink4a) —6932 region reverse, TTACTCTTTCCCACCATGACC;
pl6(Ink4a) 3" UTR (untranslated region) forward, GGAGGGAGCAGAAGG
AGG; p16(Ink4a) 3' UTR reverse, ACAATCCAGCCATTATTCCC; Gata? in-
tron 4 forward, CCTGCCGGAGTTTCCTATCC; Gata?2 intron 4 reverse, ACT

GAGTCGAGGTGGCTCTGA; Gata2 3' UTR forward, TCGATTCTGTGTG
TGGTGGT; Gata2 3' UTR reverse, ACTTCCGGTTAGGGTGCTCT.

Western blot analysis. Whole-cell lysates of MM precursors were prepared at
days 1, 4, 6, and 8 of culture. Western blot analysis was performed according to
previously described procedures (21) with antibodies to Tall (sc-12982; Santa
Cruz) and B-actin (ab 8226; Abcam, Cambridge, MA).

RESULTS

Tall is expressed continuously during murine monocytopoi-
esis. To characterize Tall expression in monocyte progenitors,
we made use of a previously developed method for isolating
CMPs from mouse BM and inducing their differentiation (48).
Using quantitative reverse transcription (RT)-PCR analysis,
Tall mRNA was detected at all stages from the common
myeloid progenitor to the postmitotic macrophage (Fig.
1A). Although Tall message fluctuated in abundance, it was
detectable throughout, as well as in LPS- and IFN-vy-acti-
vated macrophages, albeit at lower levels than in unactivated
cells (Fig. 1A). Macrophage differentiation was verified by
morphological analysis of Wright-Giemsa-stained cytospin
preparations (Fig. 1B), quantitative RT-PCR analysis of well-
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established macrophage gene markers (data not shown) (48),
and flow cytometry analysis of the cell surface antigens CD31
and Ly6C. As previously described (48), CMPs (CD31°"
Ly6C™) differentiated sequentially to CD31" Ly6C*, CD31~
Ly6C™", and CD31~ Ly6C™ cells (data not shown).

Expression studies were also carried out with MM precur-
sors explanted at a later stage of differentiation. Using meth-
ods developed by Stanley and colleagues (15, 47, 53), terminal
differentiation of mouse BM monoblasts and promonocytes
was induced in vitro with recombinant murine M-CSF. Western
blot analysis of cellular extracts prepared after 1, 4, 6, and 8
days of culture revealed only modest changes in Tall expres-
sion over this period (Fig. 1C and D).

Loss of Tall impairs proliferation of mouse MM precursors.
For subsequent studies, monoblasts and promonocytes were
isolated from mouse BM using established procedures (15, 47,
53) and Tall expression was manipulated in them in culture. In
the absence of a suitable promoter to direct Cre expression to
monocytic progenitors in vivo, a strategy was employed to
delete the gene in MM precursors isolated from mice with a
floxed Tall allele. To that end, BM mononuclear cells from
SCL"*FtacZ mice were transduced with a retrovirus, MSCV-
GFP-Cre, expressing Cre recombinase to render them nullizy-
gous for a functional Tall gene and these cells were then
induced to differentiate in the presence of recombinant M-
CSF (15, 53). Semiquantitative PCR analysis of genomic
DNA from day 8 Tall '~ cells revealed that the loxP-
flanked allele was almost totally deleted by retroviral deliv-
ery of Cre, although low levels of the floxed allele were
detected at later times in culture, likely due to a competitive
advantage of the SCL™™ % cells over SCLA"““? cells
(data not shown). In any case, RT-PCR analysis showed es-
sentially complete abolition of Tall expression in gene-tar-
geted cells (Fig. 2A).

Cell counts at timed intervals in culture revealed a severe
proliferative defect in Tall knockout cells compared to vector-
transduced cells (Fig. 2B). While the number of cells in cul-
tures infected with the control vector increased approximately
threefold, Cre-transduced cells showed little or no change.
Toxic effects of Cre expression and retroviral infection (data
not shown) were ruled out by transduction of wild-type cells
with Cre DNA and the empty vector, respectively, with both
populations found to proliferate at rates similar to those of
nontransduced cells (Fig. 2C). In contrast, Tall-overexpressing
cells had a higher proliferative capacity than wild-type cells
(Fig. 2D). Finally, heterozygous knockout cells accumulated in
slightly lower numbers than wild-type cells, although this was
not apparent until late in culture (days 6 and 8) (Fig. 2D).
Thus, loss of Tall in differentiating MM precursors signifi-
cantly impaired cellular proliferation, with Tall gene expres-
sion correlating closely with proliferative potential.

Dye dilution analysis of transduced cells using the fluores-
cent membrane-intercalating dye PKH26 showed both an ab-
solute reduction and a delay in cell division in SCLA*“Z cells
compared to SCL/ 4<Z cells (Fig. 2E). With >98% of the
day 1 cells of both genotypes assigned to the first generation
(Fig. 2E, i and iv), a model in which three (or more) genera-
tions of cells appeared over the 6- to 8-day culture period best
fit the data. This would correspond to a fourfold [or 2¢ ~ D]
increase in cell number over the first generation, slightly higher
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than what was observed for control SCL/>""%<Z cells. After 6
days, 34.8% of the SCL*"*“% cells were still first generation,
46.8% were second generation, and only 17.8% could be clas-
sified by dye content as third generation (Fig. 2E, v). Over the
same time period, 13.8% of the control SCL/**"-4¢Z cells were
first generation, 21.1% were second generation, and 62.8%
were third generation (Fig. 2E, ii). While slightly less than half
of the SCL*Z cells (48.9%) were second generation after 8
days, most of the SCL/*"/"-%°Z cells were third generation, with
some fourth generation cells (6.5%) also represented (Fig. 2E,
iii and vi). Similar results were obtained when mean fluores-
cence intensities were compared (data not shown).

Tall knockout MM precursors show reduced viability and
accelerated differentiation. To determine whether the reduced
accumulation of SCL**““% cells resulted from decreased via-
bility, apoptosis was analyzed using annexin V and 7-AAD
staining, with nonapoptotic cells characterized by the ability to
exclude both stains (Fig. 3A). The percentage of viable cells in
the SCLA-4“% group was very slightly decreased relative to that
of SCL!*""-aZ cells at days 4 and 6 but was not different at
days 1 and 8 of culture. These results show that 7all gene loss
had minimal effects on cell survival and that apoptosis could
not account for the marked reduction in cell number observed.

Cellular differentiation was then assessed by flow cytometry
analysis of cell surface antigens CD31 and Ly6C (Fig. 3B). A
higher percent of the most mature CD31~ Ly6C  cells was
noted in the SCL**“““ population (59.2% at day 2 and 91.2%
at day 4) than in the SCL™*"~““% population (52.2% at day 2
and 82.6% at day 4) at early times in culture. In contrast, less
differentiated CD31~ Ly6C™ cells made up a smaller propor-
tion of SCL*-4“Z cultures (26.9% at day 2 and 8.5% at day 4)
than of SCL™>""%“<Z cultures (36.1% at day 2 and 16.4% at day
4). Expression of another widely used macrophage marker,
F4/80, did not reliably discriminate between different stages of
monocytopoiesis in our studies, with approximately 90% of the
cells in both groups becoming F4/80 positive after only 24 h in
culture (data not shown). In sum, these data indicate that
SCLA"4Z cells lacking a functional Tall gene differentiated
slightly more rapidly than SCL/*""-4<Z ce]ls.

SCLA™<Z cells are defective in cell cycle progression. To
better characterize the proliferative defect in 7Tall knockout
cells, a BrdU pulse-chase analysis was carried out. To that end,
GFP-expressing cells were cultured for 3 days, labeled with
BrdU for 45 min, and followed through at least one cell cycle
by flow cytometry (Fig. 4A). Analyzed immediately after puls-
ing, the majority of the BrdU-labeled cells from both the
SCL!*PacZ and SCLA"™““ groups were in S phase (94.9%
and 87.3%, respectively), with smaller percentages in early S phase or
late Gy/G; (5.1% and 12.7%, respectively; shaded dark in the 0-h
population, Fig. 4A, i and v). At later times, SCL™>"""*“% cells pro-
gressed rapidly to G,/M and then to Gy/G,, with a concomitant
decrease in the percentage in S phase (Fig. 4A, ii, iii, and iv). In
contrast, while some SCLA““# cells advanced to late S phase 1 h
after pulsing, as evidenced by the two peaks of labeling (Fig.
4A, vi), these cultures had a larger proportion of cells in G,/G;
after 2 and 4 h (18.1% and 35.2%, respectively), lacked a
distinct G,/M population (0% and 18.8%, respectively), and
contained a higher percentage of cells still in S phase (81.9%
and 46.0%) than did the control cells (Fig. 4A, vii and viii).
These results provide evidence of slowed cell cycle progression
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MSCV-GFP-Cre vector (SCLA*4“%), Total RNA was prepared at the indicated times. Each bar represents the mean = the standard deviation from
three independent PCRs as normalized to RPS16 mRNA expression. Results are representative of six independent experiments. (B to D) Number
of cells per plate as a function of time in culture for SCL""F4Z and SCL**? MM precursors (B), wild-type MM precursors transduced with
MSCV-GFP or MSCV-GFP-Cre (C), and wild-type MM precursors transduced with MSCV-GFP-Tall or MSCV-GFP-Cre, SCL">*"" MM
precursors transduced with MSCV-GFP-Cre, and SCL™"/4“Z MM precursors transduced with MSCV-GFP-Cre (D). Each data point represents
the mean * the standard deviation from triplicate determinations, with similar trends noted in four independent experiments. (E) PKH26 staining
in cells of the indicated genotypes. GFP* PKH26™ cells were isolated by dual-color FACS and cultured under identical conditions at equivalent
starting cell concentrations. Day 1 cells were modeled to represent generation I, and loss of PKH26 fluorescence intensity due to cell division,
measured at days 6 and 8, was fitted to the model shown. The data depicted are representative of three independent experiments. Gen, generation.

also cultured with BrdU for longer times (12, 24, 36, and 48 h)
before analysis by flow cytometry (Fig. 4B). As could have
been predicted, the SCLA>““ population contained a higher
proportion (27.5% versus 7.6% for SCL™**"-4Z cells, Fig. 4B, iv

in Tall knockout cells, with delayed entry into and traversal of
S phase.

As only cells able to incorporate the BrdU label can be
analyzed by the pulse-chase approach, MM precursors were
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and viii) of cells that never incorporated BrdU during a 48-h
labeling period. Of note, the number of BrdU-positive SCL*-4#
cells decreased slightly over time in culture (Fig. 4B, vii and viii),
consistent with their increased tendency toward apoptosis
(Fig. 3A). Finally, and most directly, double staining with
Hoechst 33342 and pyronin Y showed a threefold higher
percentage of cells in G, in SCL**“Z than in SCL'~/tacZ
cultures (data not shown). Together, these studies suggest a
role for TAL1 in cell cycle progression in MM precursors
that can largely account for the proliferative defect associ-
ated with homozygous Tall gene loss.

Tall knockout MM precursor cells contain lower Gata2 and
higher p16(Ink4a) mRNA levels. Tall gene loss would be ex-
pected to impact the transcription of its target genes, especially

direct targets like those coregulated with E proteins. Accord-
ingly, real-time PCR analysis was used to evaluate expression
of genes known to have a role in MM differentiation, including
putative TAL1 targets, with comparisons made among
SCL" T Tall-overexpressing, and SCL***% cells. The
same bicistronic retroviral vector used to deliver Cre to MM
precursors for inactivation of the floxed Tall allele was also
employed in enforcing Tall expression (Fig. SA). These studies
revealed that Gata2 mRNA was reduced seven- and fourfold,
respectively, at days 1 and 4 in SCL*"-*““ relative to SCL"""""
cells (Fig. 5B). Although the level of Gata2 expression de-
creases physiologically with differentiation of MM precursors
(Fig. 5B and reference 48), Tall-null (SCL***“%) cells showed
even lower Gata2 expression than wild-type controls at days 6
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and 8. In contrast, enforced Tall expression did not increase
the abundance of Gata2 mRNA at any time point examined
(Fig. 5B).

Because of the delay in cell cycle progression observed with
Tall loss (Fig. 4A and B) and the previously published evi-
dence of their regulation by E proteins, expression of the genes
for several cyclin-dependent kinase (CDK) inhibitors was an-
alyzed. p16(Ink4a), which was shown to be a target of repres-
sion by Tall (17, 33, 37), was upregulated approximately three-
to fourfold in SCLA"%°Z cells and reduced, albeit to a lesser
extent, in Tall-overexpressing cells (Fig. 5C). In contrast, ex-
pression of p21(Cipl), another putative target of Tall and E
proteins (29, 37, 40), was only slightly increased in SCL***%
cells compared to SCL"""™7 cells (data not shown). While
elevation of p16(Ink4a) and p21(Cipl) could relate to the cell
cycle delay in Tall knockout cells, especially given the phase of
the cell cycle affected, the only slight reduction in these mRNAs
cannot explain the increased proliferation by 7all-overexpressing
cells (Fig. 2D). Finally, expression of CsfIr, the receptor for M-
CSF and itself a marker of macrophage differentiation, was
slightly elevated in SCL***# cells (data not shown) and could,
potentially, have contributed to their accelerated differentiation
(Fig. 3B).

Gata?2 intron 4 and p16(Ink4a) upstream regions are occu-
pied by a Tall-E protein complex in MM precursors. The
above-described studies revealed that knockout, and to a lesser
extent overexpression, of Tall affected the expression of Gata2
and p16(Ink4a). Previous studies defined an enhancer in intron
4 of the Gata2 gene (kb +9.5) with a consensus E box-GATA
DNA-binding motif that is occupied by Tall, E proteins, and
GATA proteins in endothelial and fetal liver cells (27, 57).
Moreover, this DNA sequence element appeared to be essen-
tial for the proper expression of Gata2 in endothelial cells (27).

To ascertain whether Tall occupies this region in MM precur-
sors, a ChIP analysis was carried out on sonicated chromatin
from day 4 and day 7 wild-type (SCL"""7) cells with poly-
clonal antibodies to Tall and E47. The amount of DNA im-
munoprecipitated was then quantified in a real-time PCR anal-
ysis using region-specific primers and expressed as a
percentage of the input (Fig. 6A and B).

Antibodies to Tall and E47, but not normal rabbit IgG, were
able to precipitate this intronic fragment from day 4 cells (Fig.
6A) but not day 7 cells (Fig. 6B), concordant with the decline
in Gata2 expression over this same time period. Primer se-
quences designed for the Gata2 3" UTR did not support any
amplification (data not shown), indicating specific occupancy
of this intronic region in MM precursor cells.

Scanning a 12-kb region upstream of the pl6(Ink4a) trans-
lational start site identified five preferred E box sequences
(CATCTG or CAGATG) for TALI1/E protein binding (bases
—13, —2592, —4638, —5106, and —6932). PCR primers com-
plementary to each of these regions and to the gene’s 3" UTR
were then designed, and a quantitative ChIP analysis was car-
ried out. Three of these E boxes, at —2592, —4638, and —5106,
were shown by this approach to be occupied by Tall and E47
in day 4 cells (Fig. 6A). In contrast, no binding was detected at
—13, —6932, or the 3’ UTR at any time point (data not shown),
and another, noncanonical E box in the promoter region
(—437) likewise was not occupied (data not shown). Finally,
Tall and, unexpectedly, E47 occupancy of the —2592 and
—4638 elements was very low and essentially absent at the
—5106 E box at day 7 (Fig. 6B), despite the increase in
pl6(Ink4a) expression with differentiation (Fig. 5C). This sug-
gests that E proteins other than E47 are involved or that other
mechanisms for pl6(Ink4a) gene transactivation operate at
these later times.
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pl6(Ink4a) expression increases with IL-6-induced differen-
tiation (2) of the murine myeloid leukemia cell line M1 in
parallel with a decrease in Tall expression and Tall/E protein
DNA-binding activity (55). As this phenocopies the results of
Tall gene knockout, a ChIP analysis was also carried out on
chromatin from untreated and IL-6-treated M1 cells. As pre-
dicted from its drastic decline in expression (55), Tall occu-
pancy was detected only in uninduced cells (Fig. 6C). In con-
trast, E2A association with these same E box elements was
detected in both IL-6-treated and untreated cells, indicating
that its E12 and/or E47 protein products acted to augment the
expression of this gene unopposed by TAL1 when these cells
were induced to differentiate (Fig. 6D).

Tall function in MM precursor cell proliferation requires
direct DNA binding. TALI has been shown to regulate tran-
scription through direct binding to DNA and as a non-DNA-
binding cofactor (34, 56, 58). To determine whether the
proliferative defect in SCL**““ cells could be rescued by a
wild-type Tall cDNA, SCL*""-4<“ MM precursors were in-
fected with MSCV-GFP-Cre and MSCV-YFP-Tall, while con-
trol cells were transduced with the corresponding parental

vectors. Equal numbers of GFP- and YFP-expressing cells
were then sorted, and cell numbers were determined at specific
times. These studies showed that the defective proliferation of
Tall knockout cells could be completely rescued by the Tall
cDNA, with the growth curve of Tall-transduced SCL****
cells virtually identical to that of control cells (Fig. 7). Since
Tall deletion resulted in the downregulation of Gata2 expres-
sion, a Gata2 cDNA was also tested in rescue experiments.
However, cells transduced with the Gata2 cDNA were nonvi-
able after only 1 day in culture, demonstrating an adverse effect
of Gata2 overexpression in a Tall-null background (data not
shown). Finally, to investigate whether DNA-binding activity is
required for TAL1 function in MM proliferation, SCL*/**%
cells were transduced with a cDNA for a well-characterized
DNA binding-defective mutant form of Tall, Tall™'?*" (21).
Significantly, cells transduced with this protein behaved identi-
cally to SCL*"*# cells and showed no recovery of proliferative
capacity (Fig. 7). This result indicates that, similar to its actions in
erythroid model systems (26), Tall DNA-binding activity is re-
quired for outgrowth of murine MM precursors in explant cul-
tures.
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binding-defective protein. Parental vector-transduced cells were used
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plotted. Each data point represents the mean = the standard deviation
from three plates of cells.

DISCUSSION

Previous studies have established the importance of TALI in
erythroid, megakaryocytic, and mast cell differentiation. Al-
though derived from the same progenitor cell as these, the
CMP, there is conflicting evidence for TAL1 function in MM
production. First, work carried out with the TF-1 (18) and M1
(55) cell lines showed that TAL1 expression declined with
macrophage differentiation and that enforced expression of
this transcription factor inhibited this process (51), although
monocytic differentiation of TF-1 cells was assessed with the
CD45 and FcyRII (CD32) markers, neither of which is mac-
rophage specific. Regardless, TAL1 expression has been de-
tected in primary mouse macrophages by several groups and in
mouse peripheral blood mononuclear cells and BM macro-
phages (25) and in zebrafish (62) and human (41) macro-
phages. In addition, the murine 7all cDNA was originally
cloned from a BM macrophage cDNA library (4).

We investigated here whether the abundance of 7all mRNA
was altered during in the differentiation of CMPs to monocytes
and whether Tall knockout affected the survival, proliferation,
or differentiation of mouse MM precursors. While deletion of
Tall in HSCs in IFN-inducible MxI-Cre mice did not change
the granulocyte-macrophage progenitor number significantly
(16), loss of Tall in cells also nullizygous for the related Lyl/
gene did reduce myeloid colony-forming activity, raising the
possibility of genetic redundancy (46). Deletion of the Tall
gene ex vivo, as done in these studies, may also have brought
out an abnormal phenotype, either because of the acuteness of
gene loss or because growth in culture simulates stress mono-
cytopoiesis. In support of the latter notion, SCL*““ mice
showed a small but significant delay in the recovery of circu-
lating monocytes after 5-FU treatment (Curtis, unpublished).

The complete loss of Tall caused proliferative and cell cycle
defects in macrophage precursors, and wild-type and heterozy-
gous knockout cells also differed in their growth rates. This was
most apparent at later times in culture (Fig. 2D), however,
suggesting that more differentiated cells such as monoblasts or
promonocytes are more sensitive to 7all gene dosage. In con-
trast, overexpression of 7all in MM progenitors resulted in a
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substantial increase in cell number (Fig. 2D), similar to what
was reported for the 32D and HL-60 cell lines (7). As enforce-
ment of Tall expression in mouse MM precursors was associ-
ated with 1I6-r and Csflr upregulation (data not shown), the
increased proliferation of these cells could reflect a heightened
sensitivity to cytokines.

The genes for several CDK inhibitors, including p16(Ink4a)
and p21(Cipl), have been shown to be positively regulated by
E proteins, while Tall/E protein heterodimers were suggested
to repress their transcription (8, 17, 19, 33, 37, 40). Further,
restoration of E2A activity in the Jurkat cell line, in which
Tall-E2A function is low, profoundly depressed growth and
increased apoptosis (36). In Tall knockout MM precursor
cells, abrogation of Tall inhibition of E protein action was
likely a major contributor to both the upregulation of pl6
(Ink4a) and p21(Cipl) expression and the impairment of cell
cycle progression and proliferation observed. The gradual in-
crease in p16(Ink4a) mRNA abundance (Fig. 5C) in the face of
nearly invariant Tall expression during late-stage monocyto-
poiesis (Fig. 1A and C) suggests that while Tall may be re-
quired for initial suppression of pl6(Ink4a) transcription, it is
less important for maintenance of gene repression. This is also
supported by the decreased Tall/E protein occupancy of E
boxes upstream of the pl6(Ink4a) gene at day 7 of culture
compared to day 4 (Fig. 6A and B). The further upregulation
of pl6(Ink4a) expression in Tall '~ Lyl "~ CMPs (Curtis,
unpublished) suggests that there is, in addition, genetic redun-
dancy in these bHLH proteins, at least for this target gene. In
contrast, pl6(Ink4a) mRNA abundance was only slightly de-
creased in Tall-overexpressing cells (Fig. 5C), making it un-
likely to account for their increased proliferative rate (Fig.
2D). Regardless of the timing of its actions, the direct associ-
ation of Tall with three preferred E box sites in the p/6(Ink4a)
upstream region in both primary MM precursors and the M1
cell line provides the best evidence that this gene is a target of
this transcription factor in cells.

While p16(Ink4a) transcription was inhibited by Tall in dif-
ferentiating cells of this lineage, the Gata2 gene appeared to be
transactivated by Tall. A region in intron 4 of Gata2 was
shown previously to have strong enhancer activity in endothe-
lial and mouse fetal liver cells (27, 57), and the present data are
compatible with its also being active in mononuclear phago-
cytes. Indeed, the slight acceleration of differentiation in Tall
knockout cells could be explained by their reduced levels of
Gata2, as a similar finding was reported for Gata2-deficient
juvenile myelomonocytic leukemia cells (61) and brown adipo-
cytes (32, 52). Furthermore, Gata2 knockdown reduced G,-S
transition while increasing myeloid gene expression in GIME
cells (24), and the further decrease in Gata2 expression in
SCLA"<Z cells could also have contributed to their abnormal
cell cycle progression. In contrast to pl6(Ink4a) transcription,
Gata? transcription was not affected by Tall overexpression
and was reduced only with Ta/l nullizygosity, reflecting a dif-
ference in the quantitative requirement for Tall in genes ac-
tivated and repressed by this transcription factor.

Finally, the proliferative defect in SCL*"*“% cells was fully
rescued by the reintroduction of a Tall cDNA, which confirms
that this phenotype is attributable to Tall loss and is not an
indirect effect of retroviral transduction or Cre expression. The
failure of a DNA binding-defective mutant to rescue prolifer-
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ation in these cells, in contrast, shows that DNA-binding ac-
tivity is as important for Tall function in this lineage as in
erythroid progenitors (26).

In summary, these studies demonstrate that the bHLH tran-

scription factor Tall is expressed throughout monocytopoiesis
and that loss of Tall impairs the proliferation of late-stage MM
precursors. This was associated with decreased exit from G,
delayed entrance into S from G, and slowed traversal of S
phase, resulting in part from the altered expression of a direct
Tall target, the CDK inhibitor gene pI16(Ink4a).
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