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Cell fate specification requires precise coordination of transcription factors and their regulators to achieve fidelity and flexibility
in lineage allocation. The transcriptional repressor growth factor independence 1 (GFI1) is comprised of conserved Snail/Slug/
Gfil (SNAG) and zinc finger motifs separated by a linker region poorly conserved with GFI1B, its closest homolog. Moreover,
GFI1 and GFI1B coordinate distinct developmental fates in hematopoiesis, suggesting that their functional differences may de-
rive from structures within their linkers. We show a binding interface between the GFI1 linker and the SP-RING domain of
PIAS3, an E3-SUMO (small ubiquitin-related modifier) ligase. The PIAS3 binding region in GFI1 contains a conserved type I
SUMOylation consensus element, centered on lysine-239 (K239). In silico prediction algorithms identify K239 as the only high-
probability site for SUMO modification. We show that GFI1 is modified by SUMO at K239. SUMOylation-resistant derivatives of
GFI1 fail to complement Gfil depletion phenotypes in zebrafish primitive erythropoiesis and granulocytic differentiation in cul-
tured human cells. LSD1/CoREST recruitment and MYC repression by GFI1 are profoundly impaired for SUMOylation-resistant
GFI1 derivatives, while enforced expression of MYC blocks granulocytic differentiation. These findings suggest that SUMOyla-

tion within the GFI1 linker favors LSD1/CoREST recruitment and MYC repression to govern hematopoietic differentiation.

he molecular machinery governing multipotential cell fate is

generally characterized by flexibility and combinatorial diver-
sity to achieve distinct outcomes from a limited collection of tools.
This principle is observed commonly in hematopoiesis, where fac-
tors may contribute to maintenance of stem cells and uncommit-
ted progenitors yet also may be critical determinants of terminal
differentiation. The growth factor independence (GFI) family of
transcriptional regulators, comprised of GFII and GFIIB, typifies
this principle.

GFI1 was identified in a Moloney murine leukemia virus (Mo-
MuLV) insertional mutagenesis screen for factors conferring in-
terleukin-2 (IL-2)-independent growth upon cultured lympho-
cytes (1). GFI1B was discovered from its homology to GFII (2, 3).
Both proteins harbor nearly identical Snail/Slug/Gfil (SNAG) do-
mains and a highly conserved concatemer of six C,H,-type zinc
fingers (ZnFs) at their N and C termini, respectively. Linker re-
gions with limited conservation separate the SNAG and ZnF mo-
tifs (4). SNAG domains confer recruitment of LSD1 and its bind-
ing partner CoREST, which figure prominently in transcriptional
repression by GFI proteins (5). Sequence-specific DNA binding to
a common response element [TAAATCAC(A/T)GCA; response
element in boldface] is coordinated by ZnFs 3, 4, and 5 in both
proteins (2, 6, 7), while ZnFs 1, 2, and 6 and the linkers provide
interacting surfaces for transcriptional partners and epigenetic
regulators. Despite extraordinary conservation within their SNAG
and ZnF regions, GFI1 and GFI1B support distinct fates in hema-
topoietic differentiation (4, 8, 9).

GFII regulates hematopoietic stem cell (HSC) self-renewal and
maintains HSC quiescence (10-12). Early stages in B-cell and T-
cell lymphopoiesis (B- and T-lymphopoiesis, respectively) and T-
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cell subset allocation in the adaptive immune response also re-
quire GFII (13, 14). Within the myelo-erythroid compartment,
GFI1 is required for both qualitative and quantitative aspects of
granulocyte development. Two dominant mutations in GFII,
N382S and K403R, cause severe congenital neutropenia (SCN)
type 2 (15, 16), while compound heterozygosity for these muta-
tions has been described in cyclic neutropenia (17). Additionally,
reduced GFI1 expression cooperates with mutant C/EBPe in spe-
cific granule deficiency (SGD) (18). Outside the hematopoietic
compartment, GFI1 plays crucial roles in sensorineural, neuroen-
docrine, and intestinal secretory lineage development (19-21).
Gfil '~ mice are viable and notably recapitulate these human phe-
notypes (14, 19, 21-23). In contrast, Gfilb expression appears
largely limited to hematopoietic tissues, and its effects are com-
plementary or mutually exclusive to those of Gfil (24). Gfilb is
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required for erythroid and megakaryocyte fate specification, and
nullizygosity for Gfi1b is lethal by embryonic day 15 (E15) due to
failure of definitive erythropoiesis (25). Enforced expression of
GFI1B induces T-cell lymphopenia (T-lymphopenia) and impairs
granulocytic differentiation in vitro (2). These findings suggest
that GFI1 and GFI1B can have oppositional roles in lineage allo-
cation (26-28).

Features that functionally distinguish GFI1 from GFI1B are
poorly understood, and their distinct roles in hematopoiesis are
not completely explained by their patterns of expression. Reporter
mouse strains reveal complex expression patterns for both factors
(24, 26). During hematopoiesis, both coexpression and lineage-
restricted, mutually exclusive expression are observed for Gfil and
Gfilb, suggesting that there are points in development when cells
must distinguish between them. For example, despite coexpres-
sion in HSCs, Gfilb does not complement the stem cell defect in
Gfil '~ mice (10). Likewise, hematopoietic defects in Gfil '~
mice are only partially reversed by GFI1B expression from the
endogenous Gfil promoter, and the defect in sensorineural devel-
opment is unaffected (23). These findings imply a surprising com-
plexity in systems governing GFI family member function and
suggest that elements of primary structure unique to each protein
may provide a platform for differential regulation and function.

The human genome encodes three small ubiquitin-related
modifier (SUMO) proteins (29, 30) that can be attached to target
substrates to modulate their functions. SUMOylation regulates
diverse cellular processes, including protein turnover, nucleocy-
toplasmic transport, subnuclear organization, chromatin struc-
ture, and transcriptional control. SUMOs are covalently linked to
lysine €-amino groups in target substrates through coordinated
actions of three enzymes (29, 31). An E1 SUMO-activating en-
zyme links the SUMO C terminus to its active-site cysteine and
then transfers SUMO to UBCY, the single E2 SUMO-conjugating
enzyme. E3 SUMO ligases then facilitate SUMO transfer to target
proteins. Prominent among E3 SUMO ligases are PIAS (protein
inhibitor of activated STAT) family proteins (32). PIAS proteins
contain a SIZ/PIAS (SP)-RING domain, analogous to the RING
domain of E3 ubiquitin ligases, as well as predicted SUMO-inter-
acting motifs (SIM) (29, 33, 34). Through simultaneous binding
of UBCY, its bound SUMO, and the target protein, E3 ligases
confer substrate and SUMO paralog specificity. Approximately
75% of SUMO-conjugated lysines are found within type I consen-
sus elements, YKX(D/E), where ¢ is a large hydrophobic residue
and X is any amino acid (35-37).

A growing roster of transcriptional regulators is being recog-
nized as targets for SUMO conjugation, either via confirmed
SUMO attachments or inferred from binding relationships with
the SUMOylation machinery (29, 30). We show that GFI1 is mod-
ified by SUMO. Mutation of lysine-239 (K239) within the GFI1
linker profoundly limits SUMO modification. GFI1 K239 exists
within a type I SUMOylation consensus element embedded in its
PIAS3 binding site. Reciprocal mapping studies reveal a binding
interface between the PIAS3 SP-RING domain and the C-terminal
half of the GFI1 linker. K239-dependent SUMO modification im-
pacts GFI1’s role in transcriptional repression and supports both
zebrafish primitive erythropoiesis and granulocyte differentiation
in HL-60 cells in response to all-trans retinoic acid (ATRA). We
show that MYC expression declines during granulocytic differen-
tiation yet remains elevated with GFI1 depletion. Wild-type GFI1
expression restores both MYC suppression and granulocytic dif-
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ferentiation to HL-60 cells depleted of GFI1, yet SUMOylation-
resistant GFI1 derivatives fail to do so. Likewise, SUMOylation-
resistant GFI1 is impaired in LSD1 and CoREST binding, which
figures prominently in GFI1-mediated transcriptional repression.
These results define a structural motif in GFI1 that alters its re-
cruitment of LSD1/CoREST to govern its transcriptional repres-
sor function in hematopoietic development.

MATERIALS AND METHODS

Reagents and antibodies. Mouse monoclonal anti-Flag (M2), antitubulin
(clone B-5-1-2), anti-PIAS3 (clone PIA3), rabbit anti-Flag (F7425), nor-
mal mouse serum (NMS), and normal goat serum (NGS) were obtained
from Sigma. Mouse monoclonal anti-myc (9E10) was acquired from Van-
derbilt University Medical Center and rabbit polyclonal anti-myc (A-14)
was obtained from Santa Cruz Biotechnology, Inc. Mouse monoclonal
anti-green fluorescent protein (anti-GFP) (7.1/13.1) was obtained from
Roche Applied Science, Inc. Rabbit polyclonal anti-SUMO (ab30258) and
anti-GFI1 (ab55108) antibodies were bought from Abcam. Horseradish
peroxidase (HRP)-conjugated anti-mouse, anti-rabbit, anti-rat, and anti-
goat IgG were obtained from Jackson ImmunoResearch. Alexa Fluor 488-
conjugated anti-rabbit IgG was purchased from ThermoFisher Scientific,
and anti-CoREST monoclonal antibody (D612U) was purchased from
Cell Signaling Technologies. Lipofectamine, Mirus, and To-Pro-3 iodide
were obtained from Invitrogen. Protein G-Sepharose was purchased from
Sigma-Aldrich. Fugene-6 and a Dual-Luciferase assay kit were purchased
from Promega. HCI-2509 synthesis, purification, and characterization
have been previously described (38). Puromycin (puro), hygromycin (hy-
gro), o-dianisidine, and Polybrene were purchased from Sigma. Restric-
tion endonucleases, polymerases, and ligases were purchased from New
England Biosciences. All other materials were of reagent grade.

Plasmids and subcloning. Expression plasmid pCS3-6X-myc:
PIAS3a (with six copies of the myc tag) and its derivative fragments con-
sisting of PIAS3 amino acids 1 to 273, 274 to 584, 274 to 392, and 393 to
584 have been previously described (39). Plasmids expressing Flag-tagged
PIAS1, PIASxa, PIASxP, PIAS3a, PIASy, HDACI, and B-catenin have
been described previously (39, 40). The GFI1:3 X Flag (with three copies of
the Flag tag) expression vector was a generous gift from Tarik Moroy and
has been previously described (28, 41). The pcDNA3.17-6X-myc expres-
sion vector was created by subcloning the 6Xmyc coding sequence,
bounded by BamH1 and EcoR1 restriction sites, into BamH1/EcoR1-
restricted pcDNA3.17. Rat Gfil cDNA was subcloned into EcoR1/Xbal-
restricted pcDNA3.1"-6X-myc. cDNAs for N-terminal and C-terminal
deletion (AN and AC, respectively) derivatives of rat Gfil were generated
by PCR. Amplimers were restricted and subcloned into pcDNA3.1+-6X-
myc. The K239R and E241Q substitutions in rat GFI1 were created by
two-stage PCR and splicing by overlap extension (42). Expression con-
structs for 3 X Flag-tagged SUMO1, SUMO2, and SUMO3 were generated
by PCR and subcloned into pCMV5 and eMIG’ +. Retroviruses express-
ing GFI1:3XFlag, GFI1-K239R:3X-Flag, and GFI1-E241Q:3XFlag were
produced using Gateway technology with the pPDONR221 and pMIP.RFA
plasmids. Retroviruses expressing Flag-tagged SUMO and GFI1 con-
structs were collected from the supernatants of transfected HEK293T
cells. The pEIZ-MYC and pEIT vector control were generous gifts of Don
Ayer. All constructs were confirmed by automated dideoxy sequencing at
the University of Utah sequencing core facility. Primer sequences and
further details of subcloning strategies used to generate constructs are
available upon request.

Cell culture, transient transfections, and retroviral transduction.
COS7L, HEK293T (American Type Culture Collection), and 293-T-REx-
5X Gal-luciferase cells (generously provided by Raphael Margueron) were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS). NIH 3T3 fibroblasts were
propagated in DMEM supplemented with 10% bovine calf serum (BCS).
HL-60 cells were maintained in Iscove’s modified Dulbecco’s medium
(IMDM) supplemented with 20% FBS. All cell culture media were sup-
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plemented with 2 mM 1-glutamine, 50 units/ml penicillin, and 50 pwg/ml
streptomycin. Transient transfections in COS7L cells were performed
with Lipofectamine per the manufacturer’s instructions. For retrovirus
production in HEK293T cells, monolayers were transfected using Fu-
gene-6 or Mirus, and then supernatants containing viral particles were
collected on consecutive days and clarified by centrifugation. HL-60 cells
were transduced with retroviral particles by successive spinoculation in
the presence of 8 ug/ml Polybrene. Selection in 4 pg/ml puromycin was
conducted to generate stable cells. For differential RNA interference
(RNAI) experiments, HL-60 cells were transduced with pMKO1-puro
expressing a GFI1-targeted small hairpin RNA (shRNA) or a scrambled
control and selected in puromycin to establish stable isolates. Expression
of Flag-tagged GFI1 or its K239R or E241Q derivatives was restored in
GFI1-depleted HL-60 cells by retroviral transduction using a pMSCV-
hygro (where MSCV is murine stem cell virus) vector containing the
appropriate cDNAs, followed by selection in hygromycin.

Immune precipitation and immunoblotting. Following enforced ex-
pression of the proteins indicated in the figure legends or those expressed
endogenously, immune precipitation and/or immunoblotting was per-
formed essentially as described previously using antibodies indicated in
figure legends (43).

Transcriptional reporter assays. 293-T-REx-5X Gal-luciferase cells
were transfected with pRL and expression plasmids for Gal4 fusion con-
structs as shown in figures and referred to in the figure legends. LSD1
inhibitor HCI-2509 was employed at 100 nM in the indicated experi-
ments. Luciferase activities were determined essentially as described pre-
viously (44). Statistical significance was determined via an unpaired Stu-
dent ¢ test in GraphPad Prism, version 6.0.

TCA precipitation/SUMOylation assays. COS7L cells expressing
Flag-tagged GFI1, GFI1-K239R, GFI1-E241Q, 3-catenin, or HDAC1 were
harvested in ice-cold phosphate-buffered saline (PBS) and collected by
centrifugation. Cell pellets were washed with PBS and then snap-frozen in
liquid nitrogen (LN,). Cell pellets were thawed into 20% trichloroacetic
acid (TCA) and subjected to sonication. Precipitating material was col-
lected by centrifugation and then solubilized in 1X SDS-PAGE buffer
supplemented with 0.5 mg/ml bovine serum albumin. This solution was
neutralized to pH 7.5 with Tris base and then boiled. Flag-tagged proteins
were analyzed by SDS-PAGE and immunoblotting or were collected by
immune precipitation with rabbit anti-Flag antibody and protein G-Sep-
harose beads. Immune complexes were fractionated by SDS-PAGE and
then subjected to immunoblotting.

Immunofluorescence immunohistochemistry. NIH 3T3 fibroblasts
stably expressing Flag-tagged GFI1 or GFI1-K239R were grown on cover-
slips, fixed in buffered 3.7% formalin, washed with PBS, made permeable
with 1% Triton X-100, again washed with PBS, and blocked with 10%
NGS in PBS. GFI1 or GFI1-K239R was detected with rabbit anti-Flag
followed by Alexa Fluor 488-conjugated goat anti-rabbit secondary anti-
body and epifluorescence microscopy. Nuclei were revealed with To-
Pro-3 iodide.

Morpholino injection. Endogenous gfilaa depletion in zebrafish was
achieved using a splice-blocking, antisense morpholino oligonucleotide
(5"-CCAATCTAGCCTGAAAATGGCACAA-3") (Gene Tools, LLC) tar-
geting the intron 1/exon 2 boundary of the primary transcript. Morpho-
linos were injected at the one-cell stage using 1 nl of a 20 WM solution.
Wild-type and mutant rescue constructs were subcloned into pCS2+, and
RNA was synthesized through in vitro mMessage mMachine transcription
reactions (Ambion, Inc.). Rescue RNA constructs were coinjected with
the morpholino at 100 ng/pl. Expression of GFI1 and its derivatives in
zebrafish embryos was determined by Western blotting directed at the
Flag epitope tag at the C terminus of each protein. Experiments with
zebrafish were conducted under University of Utah IACUC approved
protocol 14-07007.

Reverse transcriptase PCR. Total RNAs were isolated from zebrafish
embryos, treated as shown in Fig. 4, at 48 h postfertilization (hpf) using
Trizol and reverse transcribed. Primers hybridized within intron 1 (sense)
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and exon 2 (antisense) to amplify a 169-bp sequence spanning the intron
1-exon 2 boundary in unspliced gfilaa mRNA. A second sense primer in
exon 1 paired with the exon 2 antisense primer was used to amplify a
263-bp fragment in spliced gfilaa mRNA. Primer sequences are available
by request.

o-Dianisidine staining. Hemoglobinized cells of the developing ze-
brafish were visualized using o-dianisidine staining. Briefly, embryos were
collected and dechorionated by pronase digestion at 3 mg/ml. Embryos
were anesthetized with 0.2% tricaine for 40 min. Embryos at 48 hpf were
stained in the dark on a rolling rotisserie for 2 h in a freshly prepared
solution composed of 0.6 mg/ml o-dianisidine in 40% ethanol (EtOH),
0.65% H,0,, and 0.01 M sodium acetate. Embryos were thoroughly
washed with PBS-Tween 20 (PBS-T) and photographed on an Olympus
SZX16 dissecting microscope equipped with an Olympus DP71 camera.
Scores from 1 to 4, representing none to complete hemoglobinization,
respectively, were assigned for 200 embryos by an investigator blinded to
the experimental conditions, and statistical significance was determined
by Wilcoxon-Mann-Whitney testing in GraphPad Prism, version 6.0.

HL-60 cell differentiation. Naive HL-60 cells, scrambled controls,
cells having undergone GFI1 depletion with or without rescue with GFI1
orits K239R or E241Q derivative, or those with enforced MYC expression
were treated with 0.1 wuM ATRA or vehicle for 4 days. Aliquots were
removed during treatment to analyze CD11B cell surface expression by
flow cytometry and at the end of the experiment to confirm expression
from rescue constructs. On day 4, cells were transferred to glass slides by
cytospin, subjected to Wright staining, and scored in a blinded fashion for
morphological maturation. Promyelocyte, myelocyte, and metamyelo-
cyte morphologies were scored as immature, while cells whose nuclei
displayed band form or segmented morphologies were scored as mature.
In parallel, total RNA was collected from stable isolates using an RNeasy
minikit (Qiagen). Changes in CEBPA, MYC, and AZU gene expression
levels were assessed by quantitative reverse transcription-PCR (qRT-
PCR) using the AAC; (where Cy is threshold cycle) method with B-gluc-
uronidase gene (GUS) expression as an internal control and normalized to
untreated vector controls. Statistical significance was assessed by an un-
paired Student’s t test using GraphPad Prism, version 6.0. Primer se-
quences employed for RT-PCR analysis of GFI1 target genes are available
upon request.

RESULTS

PIAS3 SP-RING domain binds the GFI1 linker. Through its in-
teraction with PIAS3, GFI1 reverses the inhibitory effect of PIAS3
toward STAT3-dependent transcription (45). To further our un-
derstanding of the GFI1-PIAS3 relationship, we first confirmed
the GFI1-PIAS3 interaction (Fig. 1A) (45) and then defined the
boundaries of their binding interface using transiently expressed,
myc-tagged GFI1 or deletion derivatives with Flag-tagged PIAS3
by immune precipitation and Western blotting (Fig. 1B and C).
An interaction between full-length GFI1 and PIAS3 was clearly
visible. The SNAG and zinc finger domains of GFI1 were dispens-
able for PIAS3 binding. Instead, a motif between residues 136 and
254 of GFI1 was required to bind PIAS3. Additional contributions
were made by the N-terminal half of the linker as deleting residues
21 to 135 diminished PIAS3 binding. However, this region was
neither necessary nor sufficient for GFI1 to interact with PIAS3.
To gain additional insights into the relationship between GFI1
and PIAS3, we employed a collection of fragments (Fig. 1B) span-
ning the PIAS3 primary structure to map the GFI1 binding site
(39). Myc-tagged PIAS3 fragments (Fig. 1D) were transiently ex-
pressed in COS7L cells with Flag-tagged GFI1, and coprecipitating
PIAS3 fragments were detected in anti-Flag immune complexes
by anti-myc Western blotting. A C-terminal fragment of PIAS3
containing the SP-RING domain, acidic domain (AD), and the
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FIG 1 The C-terminal half of the GFI1 linker binds the PIAS3 SP-RING domain. (A) PIAS3 binds GFI1. Myc-tagged GFI1 and Flag-tagged PIAS3 were expressed
as shown. PIAS3 was immunopurified from whole-cell lysates (WCL), and coprecipitation of GFI1 was determined by immunoblot (Western blotting [WB])
analysis of immune complexes (IC). Green fluorescent protein (GFP) and tubulin were employed as controls for transfection efficiency and gel loading,
respectively. (B) Structures of GFI1 and PIAS3 derivatives employed in the experiments shown in panels C and D. SNAG and ZnF regions are shown for GFI1.
SAP, SP-RING, AD, and S/T-rich domains are shown for PIAS3. Amino acid residues corresponding to fragment boundaries are indicated in parentheses.
Hatched boxes represent regions forming the GFI1-PIAS3 binding interface. Open circles indicate the 6 X myc tag. (C and D) Mapping the GFI1-PIAS3 binding
interface. PIAS3 and GFI1 forms, with accompanying epitope tags, were expressed as shown. Coprecipitating GFI1 (C) and PIAS3 (D) forms were identified by

Western blotting. WT, wild type; FL, Flag epitope tag; IP, immunoprecipitation.

serine/threonine (S/T)-rich tail readily bound GFI1. Deleting the
SP-RING domain (amino acids 274 to 322) and 71 additional
residues before the AD completely abolished GFI1 binding. We
also observed interactions between GFI1 and PIASxa, PIASxf,
PIASy, and PIAS1 (data not shown). Primary structure alignment
for PIAS proteins revealed rapidly declining homology past the
SP-RING domain, suggesting that the conserved SP-RING do-
main of PIAS family proteins contributes significantly to GFI1
binding.

GFI1 SUMOylation involves a SUMO consensus motif
within its linker region. Interactions between GFI1 and PIAS
family E3 SUMO ligases suggest that GFI1 could be modified by
SUMO. To address this hypothesis, we first screened for high-
molecular-weight (HMW) forms of GFI1 captured under in-
stantly denaturing conditions, suggesting conjugation by ubiqui-
tin family proteins. COS7L cells transiently expressing Flag-tagged
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GFI1 were snap-frozen in LN,, thawed into 20% trichloroacetic
acid (TCA), and made soluble by boiling in buffer containing 1%
SDS. Solubilized proteins were analyzed by immunoblotting with
anti-Flag antibody to detect HMW GFI1 derivatives (Fig. 2A). In
parallel, Flag-tagged HDACI and (3-catenin were expressed as
controls for SUMOylation and ubiquitination, respectively. Both
controls showed evidence of anti-Flag immune reactivity in the
HMMW range, suggesting that both SUMO- and ubiquitin-modified
targets could be visualized by this technique. For GFI1, a prominent
HMW population was observed, as well as several GFI1 fragments
consistent with proteolysis. To determine if HMW forms of GFI1
contained SUMO and/or ubiquitin, we purified Flag-tagged GFI1
from proteins solubilized after isolation in TCA as described above.
GFI1-containing immune complexes subjected to Western blotting
with anti-SUMO and antiubiquitin antibodies clearly showed SUMO
and ubiquitin conjugation (Fig. 2B).
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FIG 2 GFI1 is SUMOylated and ubiquitinated. (A) High-molecular-weight (HMW) derivatives of GFI1 identified under instantly denaturing conditions.
COS7L cells were transfected with empty vector or expression constructs for Flag-tagged GFI1, HDACI, and B-catenin. Cells were collected in-ice cold PBS,
snap-frozen in liquid nitrogen, and suspended in 20% TCA. Precipitated proteins were solubilized by boiling in solubilizing buffer. Aliquots were analyzed by
immunoblotting with anti-Flag antibody M2. (B) HMW derivatives of GFI1 contain SUMO and ubiquitin modifications. Flag-tagged GFI1 was expressed in
COS7L cells, collected, and processed as described for panel A. Anti-Flag immune complexes (IC) and whole-cell lysate (WCL) were analyzed by SDS-PAGE and
Western blotting (WB) as shown. (C) Each SUMO paralog can conjugate GFI1. Flag-tagged SUMO1, SUMO2, or SUMO3 was expressed in COS7L cells with
myc-tagged GFI1 as shown. Cells were harvested as described for panel A. SUMOylated proteins were collected by anti-Flag immune precipitation. Immune
complexes and whole-cell lysates were analyzed by Western blotting (WB). (D) Endogenously expressed GFI1 is SUMOylated. HL-60 cells in the quantities
shown, stably expressing Flag-tagged SUMO2, SUMO3, or vector control, were collected and processed as described for panel A and then immunopurified via
the Flag epitope tag (FL). Immune complexes (IC) were probed for GFI1 by Western blotting (WB). Expression of GFI1 and SUMO proteins was confirmed in

whole-cell lysates (WCL) by Western blotting. Ub, ubiquitin.

The apparent molecular masses of HMW GFI1 derivatives ap-
proach 250 kDa, suggesting that GFI1 may be conjugated by mul-
tiple SUMO and/or ubiquitin moieties. Among SUMO family
proteins, only SUMO2 and SUMO3 can form poly-SUMO chains,
owing to the presence of a SUMOylation consensus element in
both proteins (30). SUMO1 lacks a SUMOylation consensus mo-
tif, enabling mono-SUMOylation and restricting its presence in
poly-SUMO chains to the terminal SUMO modification (30). To
address the possibility that GFI1 can be modified by SUMOI, -2,
or -3, we expressed Flag-tagged versions of each SUMO with myc-
tagged GFI1, isolated SUMOylated targets by anti-Flag immune
precipitation from TCA-precipitated, resolubilized proteins, and
subjected immune complexes to anti-myc Western blotting. GFI1
conjugation by each SUMO paralog could be clearly demon-
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strated (Fig. 2C). To confirm SUMOylation at endogenous levels
of GFI1 expression, we created HL-60 cells stably expressing Flag-
tagged SUMO2 or SUMO3 and immunopurified SUMO2- or
SUMO3-conjugated proteins and probed for GFI1 by Western
blotting (Fig. 2D). As expected, GFI1 signal was detected in the
HMW range for both SUMO2- and SUMO3-conjugated proteins.
Similar results were observed for HL-60 cells stably expressing
SUMOI (data not shown). These findings indicate that endoge-
nously expressed GFI1 can be modified by each SUMO paralog
and collectively suggest an intimate relationship between GFI1
and the SUMOylation machinery.

GFI1 SUMO modification requires K239 within an intact
SUMOylation consensus element. Approximately 75% of exper-
imentally confirmed SUMO modifications occur within $KX
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modification of GFI1 is abolished by K239R or E241Q substitution. Flag-tagged GFI1 or its K239R or E241Q derivative was expressed and then isolated by
anti-Flag immune precipitation (IP) from total cellular protein harvested under instantly denaturing conditions as described in the legend to Fig. 2. Immune
complexes (IC) and whole-cell lysates (WCL) were subjected to immunoblotting with anti-SUMO or anti-Flag antibodies as shown. (C) GFI1 and its K239R or
E241Q derivative display PIAS3 binding. A 6 Xmyc-tagged GFI1 or its K239R or E241Q derivative was expressed with Flag-tagged PIAS3. Presence of GFI1,
GFI1-K239R, or GFI1-E241Q in anti-Flag immune complexes was determined by Western blotting. (D) GFI1 and its K239R derivative localize to the nucleus.
NIH 3T3 cells were transduced with retrovirus expressing Flag-tagged GFI1 or its K239R derivative, and then subcellular localization was determined in stable
polyclonal populations by epifluorescence detection. Nuclei were counterstained with To-Pro-3-iodide.

(D/E) SUMOylation consensus elements. The GFI1 linker con-
tains a motif (GVKVES; motif is underlined) within the PIAS3
binding site, centered on K239, that matches a type I SUMOyla-
tion consensus sequence (Fig. 3A). This motif is absolutely con-
served in mammalian GFI1 orthologs (46). Yet given imperfect
prediction by the SUMOylation consensus alone, we utilized three
in silico prediction algorithms of SUMOylation, SUMOplot (Ab-
gent) (47), SUMOsp2.0 (37), and SUMOhydro (36), to identify
high-probability sites for SUMO conjugation in GFI1 (data not
shown). Among GFI1 lysine residues, only K239 met the criteria of
being conserved among mammalian GFI1 orthologs, being absent
from GFI1B, and being identified as a high-probability site in each
algorithm. To assess K239 in SUMO modification of GFI1, we
created an arginine substitution at this site (K239R). Because type
ISUMOylation consensus elements have an invariant aspartate or
glutamate at the +2 position, we also created a glutamate (E)-to-
glutamine (Q) substitution at E241 (E241Q), leaving the acceptor
lysine (K239) intact. Using instantly denaturing LN,/TCA/SDS
conditions followed by anti-Flag immune precipitation and anti-
SUMO immunoblotting, SUMO modification of GFI1 was readily
observed. However, neither the K239R nor E241Q derivative of
GFI1 showed appreciable SUMO conjugation (Fig. 3B). Notably,
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GFI1 and its K239R and E241Q derivatives displayed comparable
PIAS3 binding and nuclear localizations (Fig. 3C and D), implying
that SUMO conjugation failure was not due to altered subcellular
localization or interaction with PIAS3. These data indicate that
GFI1 SUMOylation depends upon K239 within an intact, type I
SUMOylation consensus element.

GFI1 SUMOylation supports cell fate determination in he-
matopoiesis. GFI1 serves multiple roles in developmental hema-
topoiesis, involving both myeloid and lymphoid lineages. The
GFII homolog in zebrafish, gfilaa, is required for primitive eryth-
ropoiesis (48). We leveraged this requirement to determine the
impact of GFI1 SUMOylation in vivo. Hemoglobinized cells char-
acteristic of primitive erythropoiesis were readily revealed by
o-dianisidine staining of zebrafish embryos at 48 hpf (Fig. 4A). To
render observations quantitative across a continuum, we used a
scoring system to represent none to complete hemoglobinization,
with scores assigned to each of 200 embryos by an investigator
blinded to the experimental conditions. Using a morpholino oli-
gonucleotide designed to block splicing of the gfilaa mRNA (Fig.
4B), we confirmed that gfilaa depletion could abort primitive
erythropoiesis and that wild-type rat Gfil could complement this
deficiency. However, despite expression comparable to that of
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FIG 4 GFI1 SUMOylation on K239 is required for zebrafish primitive erythropoiesis. (A) One-cell-stage zebrafish embryos were injected with gfilaa splice-
blocking morpholino, alone or in combination with RNA expressing wild-type GFI1, GFI1-K239R, or GFI1-E241Q, each with a C-terminal Flag epitope tag. At
48 h postfertilization (hpf), primitive erythropoiesis was revealed by o-dianisidine staining. Four representative embryos are shown out of 200 embryos scored
for each knockdown/rescue combination. Arrows in uninjected controls show the zone of primitive erythropoiesis. Primitive erythropoiesis was quantified using
a graded scoring system. Scores of 1 to 4 were assigned for each embryo to indicate none, modest, moderate, or complete hemoglobinization, respectively.
Statistical significance was assessed using a Wilcoxon-Mann-Whitney test (***, P < 0.0005). (B) Morpholino-induced splicing blockade of gfilaa in zebrafish.
Total RNA was isolated from uninjected (U) zebrafish embryos or after injection of a scrambled control (Sc) or gfilaa splice-blocking morpholino (SB) targeting
the boundary between intron 1 and exon 2, as shown (thick line). Unspliced gfilaa cDNA was amplified with primers a and b spanning the intron 1-exon 2
boundary to yield a 169-bp amplimer. Spliced gfilaa mRNA was amplified using primers c and b to yield a 263-bp amplimer. (C) Expression of Flag-tagged GFI1,
GFI1-K239R (K>R), and GFI1-E241Q (E>Q) derivatives in extracts prepared from the equivalent of eight zebrafish embryos at 24 h postinjection.

wild-type GFI1 (Fig. 4C) neither Gfil-K239R nor Gfil-E241Q
could do so (29, 30). These data indicate that GFI1 SUMOylation
supports primitive erythropoiesis in zebrafish.

GFI1 is also required for mammalian neutrophil differentia-
tion in vivo, and mutations in GFII cause SCN type 2. To extend
our findings to mammalian hematopoiesis, we leveraged granulo-
cytic differentiation of HL-60 human promyelocytic leukemia
cells in response to all-trans retinoic acid (ATRA). HL-60 cells
were transduced with retroviruses expressing either a GFII-tar-
geted shRNA or a scrambled control, and GFI1 depletion in stable
isolates was confirmed by Western blotting (Fig. 5A). Stable cells
were exposed to either ATRA or vehicle and then examined for
granulocytic differentiation by CD11B expression (Fig. 5B) and
cell morphology (Fig. 5C and D). CD11B expression rose sponta-
neously in transduced HL-60 cells with time in culture, increased
significantly in response to ATRA in control cells, and was reduced
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in the context of GFIl depletion. However, when assessed
morphologically, granulocytic differentiation was nearly absent
with GFI1 depletion. To determine the contribution of GFI1
SUMOylation to this phenotype, we rescued expression with GFI1
or GFI1-K239R in GFII-depleted HL-60 cells, treated stable iso-
lates with ATRA for 4 days, and then assessed granulocytic differ-
entiation morphologically (Fig. 5E). Restoring GFI1 expression
complemented the defect in ATRA-mediated granulocyte differ-
entiation, but GFI1-K239R failed to do so despite comparable
levels of expression. Collectively, these findings point toward an
essential role for GFI1 SUMOylation in hematopoietic differenti-
ation.

GFI1 SUMOylation regulates MYC expression during gran-
ulocytic differentiation. GFI1 is transactivated by CAAT/en-
hancer binding protein o (C/EBPa), a critical determinant of
granulocytic differentiation, and both GFI1 and C/EBPa are im-
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FIG 5 GFI1 SUMOylation supports HL-60 cell granulocytic differentiation in response to all-trans retinoic acid (ATRA). (A) GFI1 depletion from HL-60 cells.
Whole-cell extracts (WCLs) were prepared from either naive HL-60 cells or those infected with retrovirus expressing small hairpin RNA targeting GFI1 (sh-Gfil)
or a content-matched scrambled control shRNA (Scr. Ctl.). GFI1 levels were determined by Western blotting. Actin levels were used to confirm equal loading.
(B) CD11B expression following stimulation with ATRA. HL-60 cells were treated with 0.1 wM ATRA or vehicle following shRNA-mediated depletion of GFI1
versus a content-matched scrambled control shRNA. CD11B™ cells were determined by flow cytometry. (C) Granulocytic differentiation of HL-60 cells requires
GFI1. HL-60 cells were treated with ATRA or vehicle for 4 days following shRNA-mediated depletion of GFII or a scrambled control. One thousand cells from
randomly selected fields for each condition were visually scored as immature (promyelocyte, myelocyte, or metamyelocyte morphology) or mature (band form
or multisegmented nuclei). (D) Morphology of immature versus mature HL-60 cells following ATRA treatment. Arrows indicate mature cells with segmented
nuclei reminiscent of granulocyte differentiation. (E) GFI1-K239R expression fails to complement the granulocyte maturation defect brought on by GFII
depletion. HL-60 cells were subjected to scrambled control or GFI1-depleting shRNA, then rescued with expression constructs for Flag-tagged wild type (WT:FL)
or GFI1-K239R (K>R:FL) as shown. After 4 days of ATRA exposure, cells were scored visually for granulocyte maturation as described for panel C. Expression
of Flag-tagged GFI1 variants was confirmed by Western blotting.

plicated in repression of MYC (49-51). Moreover, MYC expres-  restored. To address contributions from GFI1 SUMOylation to
sion declines precipitously during ATRA-mediated differentia-  transcriptional control, we again depleted HL-60 cells of GFI1,
tion of HL-60 cells, and enforced expression of MYC blocks  restored expression of GFI1 or its SUMOylation-deficient forms,
terminal differentiation in multiple settings (52-54). To gain  K239R and E241Q, and then assessed expression of CEBPA, MYC,
mechanistic insights for GFI1 SUMOylation in granulocytic dif-  and AZU in the absence or presence of ATRA (Fig. 6B). None of
ferentiation, we assessed expression of CEBPA, MYC, and azuro-  these GFI1 forms showed a significant impact upon CEBPA expres-
cidin gene (AZU) in HL-60 cells with and without GFIL, in the g However, while GFI1 restored repression of MYC and AZU in
absence or presence of ATRA (Fig. 6A). Expression changes for  eqnonse to ATRA, the K239R and E241Q derivatives of GFI1 were
these factors in HL-60 cells treated with ATRA and occupancy of impaired. These data indicate that GFI1-mediated repression of MYC

their promoters by GFI1 hav? been pr‘eviously desc.ribeq (52). and AZU correlates with its effects on granulocytic differentiation
HL-60 cells were transduced with retroviruses expressing either a and that SUMOylation favors this function of GFI1

GFII-targeted shRNA or a scrambled control, and then GFI1 ex-
pression was restored relative to the level with empty vector res-
cue. CEBPA expression did not change appreciably with GFI1 de-
pletion or enforced GFI1 expression and fell modestly under each
condition following ATRA exposure. MYC expression fell precip-
itously with ATRA exposure in control cells but rose significantly X ) ' ;
with GFI1 depletion, and in response to ATRA MYC expression of naive and vector control cells (Fig. 7). While granulocytic mat-
did not fall below the level seen for undifferentiated controls, ~uration was readily apparent in naive and vector control cells fol-
Moreover, MYC repression was restored by enforced expression ~lowing ATRA exposure, it was noticeably impaired in the context
of GFI1 and further potentiated by ATRA exposure. AZU expres-  of enforced MYC expression. These data suggest that increases in
sion fell in HL-60 cells exposed to ATRA, failed to do so in GFI1- MYC expression can block HL-60 cell differentiation in response
depleted cells, but was again repressed when GFI1 expression was  to ATRA and support the possibility that MYC repression by

In multiple settings, enforced expression of MYC impairs ter-
minal differentiation (53, 54). To determine the impact of ele-
vated MYC expression resulting from GFI1 depletion, we ex-
pressed MYC constitutively in HL-60 cells and then assessed
granulocytic differentiation in response to ATRA relative to that
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FIG 6 SUMOylation modulates GFI1-dependent MYC expression to direct ATRA-mediated granulocyte maturation in HL-60 cells. (A) GFI1 modulates MYC
expression in ATRA-mediated granulocytic differentiation. GFI1-targeted shRNA (sh-Gfil) or a content-matched scrambled control (Scr) was used to deplete
GFII in HL-60 cells, followed by rescue with a vector control (Vect) or GFI1 as shown. Levels of CEBPA, MYC, and AZU (azurocidin) mRNAs were determined
by qRT-PCR relative to that of the GUS internal control. Fold change in expression is shown relative to that of the untreated, scrambled or vector control cells.
(B) GFI1 was depleted from HL-60 cells using GFI1-targeted shRNA, followed by restored expression of GFI1, GFI1-K239R, or GFI1-E241Q and then treatment
with vehicle or ATRA as shown. Expression of CEBPA, MYC, and AZU was measured as described for panel A. Statistical significance was determined by

Wilcoxon-Mann-Whitney testing (*, P < 0.05; **, P < 0.005; ***, P < 0.0005).

SUMOylation-competent GFI1 enables this differentiated pheno-

type.
SUMOylation favors GFI1-LSD1/CoREST binding and tran-
scriptional repression. LSD1 binds the GFI1 SNAG domain, and
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FIG 7 Enforced MYC expression blocks granulocytic differentiation of HL-60
cells in response to ATRA. Naive HL-60 cells and those transduced with a
MYC-expressing retrovirus or with a control vector were treated with 0.1 uM
ATRA for 4 days and scored for immature versus mature granulocytic mor-
phology. The Western blot shows c-Myc expression in transduced cells relative
to that in vector control cells (inset) using anti-myc rabbit polyclonal anti-
body, A-14. Tubulin serves as a loading control. Statistical significance was
determined by Wilcoxon-Mann-Whitney testing (*, P < 0.05).
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factors that disrupt GFI1-LSD1 binding impair GFI1-mediated
transcriptional repression (4, 5, 55). Similarly, the demethylase
activity of LSD1 toward mono- and dimethylated histone H3
lysine 4 (H3K4mel/2) in nucleosomes is augmented by its inter-
action with CoREST and is further favored by SUMO2 and
SUMO3 (SUMO2/3) binding to a SIM in CoREST (56-58). These
findings suggest that the SUMOylation of transcription factors
that partner with LSD1-CoREST may favor LSD1 activity at target
promoters. To explore contributions from SUMOylation to tran-
scriptional repression by GFI1, we used the reporter cell line 293-
T-REx-5XGal-TK-luciferase (59-61) and fusion proteins com-
prised of GFI1 sequences fused to the DNA binding region of Gal4
(Fig. 8A). Eliminating GFI1 ZnFs 4 and 5 prevents binding at
GFI1-regulated endogenous promoters, instead directing the
GFI1 repressor function to the 5XGal-upstream activation se-
quence (UAS) of the integrated reporter construct. Thus, the GFI1
repressor function on endogenous promoters can be assessed in a
chromatinized context independent of partnerships with other
DNA binding proteins. In this model system, GFI1-A1C:Gal4 dis-
played dose-dependent transcriptional repression. SNAG-WT:
Gal4 (where WT is wild type) and GFI1-A1C/K239R:Gal4 also
showed dose-dependent reductions in reporter output that were
comparable but moderately and consistently less than that of
GFI1-A1C:Gal4. This difference became less apparent at higher
plasmid doses. These findings mirror those showing significant
but submaximal transcriptional repression attributable to the
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FIG 8 SUMOylation supports LSD1/CoREST binding and transcriptional repression by GFI1. (A) SUMOylation contributes to GFI1-mediated repression.
GFI1-A1C, the SNAG domain, or GFI1-A1C with the K239R substitution was expressed as a fusion with Gal4 in HEK293-T-REx-5X Gal-luciferase cells grown

in six-well plates. Firefly luciferase activity was determined relative to that

of Renilla luciferase using a dual-luciferase assay kit. (B and C) LSD1 activity

contributes to transcriptional repression by GFI1. GFI1-A1C, the SNAG domain, or GFI1-A1C/K239R was expressed as a Gal4 fusion protein in the presence or
absence of LSD1 inhibitor, HCI-2509 (LSD1i). Luciferase activity was scored as described for panel A. Similarly, transcriptional repression by GFI1-A1C or the
SNAG domain, each harboring the P2A mutation that abolishes LSD1 binding, was compared to repression produced by its wild-type configurations at this
position. (D) GFI1-K239R displays impaired LSD1/CoREST binding. Flag-tagged GFI1 or GFI1-K239R was expressed in COS7L cells and immunopurified from
nuclear extracts (NE) by anti-Flag immune precipitation. Endogenously expressed LSD1 and CoREST coprecipitating with GFI1 or GFI1-K239R were deter-
mined by Western blotting (WB) of anti-Flag immune complexes (IC). (E) A model hypothesizing how GFI1 SUMOylation could influence transcriptional

repression by the GFI1-LSD1/CoREST complex. RLU, relative light units.

GFI1 SNAG domain in prior studies (55). Repression was antag-
onized by the LSD1 inhibitor HCI-2509 (Fig. 8B) and by the P2A
substitution that abolishes SNAG-LSD1 binding (Fig. 8C) (38).
These data indicate that LSD1 recruitment dominates transcrip-
tional repression by GFI1, that SUMOylation supports this re-
pressor function, and that when SUMOylation is impaired, re-
pression by GFI1 resembles that achieved by the SNAG domain
alone.

The GFI1 SNAG domain interacts directly with LSD1 and in-
directly recruits its corepressor, COREST (5). In light of impaired
transcriptional repression by GFI1-K239R, we hypothesized im-
paired LSD1/CoREST binding by this mutant. In coprecipitation
assays, we found that endogenously expressed LSD1 and CoREST
interacted readily with wild-type GFI1 (Fig. 8D). However, de-
spite its intact SNAG domain, GFI1-K239R was noticeably im-
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paired in LSD1 and CoREST binding. These findings indicate that
GFI1 SUMOylation favors LSD1/CoREST binding, providing a
functional link between SUMO conjugation and transcriptional
repression.

DISCUSSION

GFI1 is a transcriptional repressor that controls growth, differen-
tiation, and survival in normal and malignant hematopoiesis. Yet
we have only a limited understanding of factors governing GFI1
function. By focusing on the GFI1 linker region, we have identified
atype I SUMOylation motif unique to GFI1 and embedded within
its PIAS3 binding site. K239R and E241Q substitutions within this
site abolish GFI1 SUMOylation, and unlike wild-type GFI1, these
derivatives fail to complement GFI1 depletion phenotypes. Like-
wise, these SUMOylation-deficient derivatives are impaired in
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transcriptional repression at GFI1 target genes. These data suggest
that SUMOylation at K239 favors GFI1-mediated transcriptional
control and cell fate determination.

It is likely that SUMOylation occurs directly on K239 as the
E241Q substitution is similarly impaired yet retains the K239
€-amino group for alternative posttranslational modifications.
However, these functional defects could also reflect modifica-
tion(s) elsewhere in GFI1 that depends upon K239 and/or E241,
including conjugation by SUMO or other ubiquitin family mem-
bers. SUMOylation on multiple lysines has been indicated for
other transcriptional regulators, including c-Jun, p53, and Nkx2.5
(62, 63). Notably, studies of a 25-amino-acid peptide from SENS,
the Drosophila melanogaster ortholog of GFI1, show that K509 can
be SUMOylated in vitro. Yet a K509R derivative of SENS is still
SUMOylated when expressed in S2 cells (64), indicating alterna-
tive sites for SUMO conjugation. K509 is analogous to K403 in
GFI1, which is mutated in SCN type 2 (15, 16), suggesting that a
defect in K403 SUMOylation might impair GFI1 function in neu-
trophil development. However, K403 in GFI1 does not occupy a
consensus SUMOylation site, nor has K403 SUMOylation ever
been demonstrated. Defining the full complement of GFI1 mod-
ifications by SUMO/ubiquitin family members and the contexts
in which these modifications occur will be important to under-
standing their contributions to GFIl-mediated transcriptional
control and cell fate specification.

Our findings indicate that GFI1 SUMOylation correlates with
transcriptional repression, as has been seen for other DNA bind-
ing proteins (65-67). LSD1 is the dominant effector of GFI1-me-
diated transcriptional repression. Its demethylase activity toward
H3K4mel/2 peptide substrates is enhanced by CoREST, while
CoREST-LSD1 binding favors demethylation of H3K4mel/2 in
nucleosomes. Moreover, an interaction between SUMO2/3 and
the SIM in CoREST potentiates its activation of LSD1 demethylase
activity. SUMO1 does not do so. Since LSD1 function at target
promoters should be proportional to its recruitment and its acti-
vation state, factors that favor either should support transcrip-
tional repression while those that compromise either should im-
pair it. We observed a prominent decline in both LSD1 and
CoREST binding to GFI1-K239R relative to that of GFI1, and this
correlated with impaired transcriptional repression and comple-
mentation failure in functional assays. Based upon these findings,
we speculate that SUMO-CoREST binding provides an additional
tether for LSD1 bound to the GFI1 SNAG domain and augments
LSD1 demethylase activity. Therefore, SUMOylation-deficient
derivatives of GFI1 may display relatively less LSD1 binding and
activity, causing functional impairment.

The finding that GFI1 can be modified by SUMOI, -2, or -3
and ubiquitin suggests considerable complexity in GFI1 regula-
tion by ubiquitin family members. For example, whether GFI1 is
modified by SUMO1 or SUMO2/3 could influence CoREST re-
cruitment and stimulation of intrinsic LSD1 activity at GFI1-reg-
ulated promoters. Distinct patterns of SUMO/ubiquitin conjuga-
tion could impact composition, activity, and integrity of GFI1
complexes, thereby expanding its functional repertoire. More-
over, SUMO/ubiquitin modifications potentially occur on the
same residues under different conditions. These modifications
would be mutually exclusive and may also compete with lysine
modifications by other small molecules derived from metabolic
pathways to modulate gene expression based upon cellular needs
(68-70). As such, our results may reflect one of many potential
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complexes assembled to regulate GFI1-responsive genes, each fa-
vored by a discrete constellation of posttranslational modifica-
tions.

Changes in gene expression are both energetically costly and
impactful. Thus, requiring dual inputs before executing changes
seems not only reasonable but advantageous. With respect to the
GFI1-LSD1/CoREST axis, LSD1 binding to the SNAG domain
would serve as the first input, with GFI1 SUMOylation and CoR-
EST recruitment serving as the second (Fig. 8E). This model pre-
dicts that transcriptional repression by GFI1 would be most fa-
vored by concurrent SNAG-LSD1 and SUMO2/3-CoREST
binding. The former would deliver LSD1 to GFI1-regulated genes
while the latter would stabilize LSD1 binding and augment its
demethylase activity. Should CoREST engage LSD1 in solution, its
stimulating effect toward LSD1 would be limited by the need for a
secondary input from SUMO?2/3 binding. LSD1 actions could
then be limited by reversal of either event or by GFI1 turnover.
This fail-safe strategy could help ensure fidelity when a change in
gene expression is initiated and yet provide mechanisms to mod-
ulate and ultimately terminate it. Thus, SUMO/ubiquitin modifi-
cations to GFI1 may offer additional inputs governing transcrip-
tional control and supporting distinct, context-dependent cell fate
decisions in hematopoiesis. We are only at the beginning of un-
raveling the potential regulatory complexity for this deceptively
simple transcriptional repressor.
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