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“Neutropenia” refers to deficient numbers of neutrophils, the most abundant type of white blood cell. Two
main forms of inherited neutropenia are cyclic neutropenia, in which neutrophil counts oscillate with a 21-day
frequency, and severe congenital neutropenia, in which static neutropenia may evolve at times into leukemia.
Mutations of ELA2, encoding the protease neutrophil elastase, can cause both disorders. Among other genes,
severe congenital neutropenia can also result from mutations affecting the transcriptional repressor Gfil, one
of whose genetic targets is ELA2, suggesting that the two act through similar mechanisms. In order to identify
components of a common pathway regulating neutrophil production, we conducted yeast two-hybrid screens
with Gfil and neutrophil elastase and detected a novel protein, PFAAP5 (also known as N4BP2L.2), interacting
with both. Expression of PFAAPS allows neutrophil elastase to potentiate the repression of Gfil target genes,
as determined by reporter assays, RNA interference, chromatin immunoprecipitation, and impairment of
neutrophil differentiation in HSCs with PFAAPS depletion, thus delineating a mechanism through which
neutrophil elastase could regulate its own synthesis. Our findings are consistent with theoretical models of
cyclic neutropenia proposing that its periodicity can be explained through disturbance of a feedback circuit in
which mature neutrophils inhibit cell proliferation, thereby homeostatically regulating progenitor populations.

Neutrophils provide innate immunity against bacterial and
fungal pathogens (13). Consequently, deficient numbers of
neutrophils (neutropenia) increase vulnerability to infection.
The two main forms of inherited neutropenia in humans (1, 12,
23, 34) are cyclic neutropenia and severe congenital neutrope-
nia (SCN) (also known as “Kostmann syndrome”). Cyclic neu-
tropenia is an autosomal dominant disorder in which the pe-
ripheral neutrophil count oscillates with a 21-day frequency.
SCN is a genetically heterogeneous disorder comprised of
static neutropenia and predisposition to myelodysplasia and
acute myelogenous leukemia.

Heterozygous mutations in ELA2, the gene encoding the
neutrophil granule serine protease neutrophil elastase, cause
cyclic neutropenia (33) and are the most common cause of
SCN (7, 17). SCN can also rarely result from dominantly acting
mutations of the gene encoding the zinc finger-containing tran-
scriptional repressor Gfil (55), whose deficiency in mice also
produces neutropenia (30, 36). Other genes responsible for
hereditary forms of neutropenia include HAXI, involved in
apoptosis, among other functions (57), and recently found to
be mutated in many cases of autosomal recessive SCN (41);
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AP3BI, encoding a subunit of the AP3 complex involved in
posttranslational vesicular trafficking and whose autosomal re-
cessive mutation leads to human Hermansky Pudlak syndrome
type 2 (5) and canine cyclic neutropenia (8); certain alleles of
the gene mutated in Wiskott-Aldrich syndrome (2), which en-
codes a protein assisting with organization of the actin cy-
toskeleton; G6PC3, encoding glucose-6 phosphatase, involved
in gluconeogenic and glycogenolytic pathways in the endoplas-
mic reticulum and which was recently found to be mutated in
a syndromic form of neutropenia (14); the gene encoding ras-
associated protein RAB27A, the myosin gene MYOS, or the
SLAC2A/melanophilin gene (12), mutations in which result in
Griscelli hemophagocytic syndrome; and the CXCR4 gene,
mutations in which cause the WHIM syndrome of my-
elokathexis (38).

Some of the factors responsible for hereditary neutropenia
demonstrate molecular genetic interactions. EL.A2 is among
the genes transcriptionally repressed by Gfil (30, 55), and
neutropenic mutations of Gfil consequently result in ELA2
overexpression. AP3B1 has a role in the translocation of neu-
trophil elastase from the Golgi apparatus to the granules of
neutrophils, and disturbance of AP3B1 eventuates in intracel-
lular mislocalization of neutrophil elastase (8). Transcriptional
profiles of SCN patients with either ELA2 (37) or HAX1 (58)
mutations show downregulation of ELA2. Thus, it is possible
that the different neutropenia genes represent components of
a pathway regulating neutrophil production.

In fact, the bizarre oscillations characteristic of cyclic neu-
tropenia might be taken as evidence of a regulatory mechanism
gone awry. Theoretical models of cyclic neutropenia have in-
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voked a defective feedback circuit (28, 51) in which mature
neutrophils somehow inhibit progenitor cells once the cell
count has risen sufficiently and in which it can be imagined that
pathologically excessive inhibition might dampen neutrophil
production temporarily until mature neutrophils become de-
pleted and the negative feedback signal abates, thereby estab-
lishing a cyclical pattern. Such a feedback circuit accords with
the “chalone” hypothesis (56), independently predicting that
neutrophils homeostatically regulate their own production by
inhibiting their progenitors. Intriguingly, even prior to the de-
termination of the role of neutrophil elastase in neutropenia,
an attempt to biochemically identify the postulated chalone led
to the isolation of neutrophil elastase as a molecule likely
functioning in this capacity (46).

Current hypotheses for the molecular pathology underlying
neutropenia center on the intracellular mislocalization (8, 32)
and/or misfolding (24, 42) of mutant neutrophil elastase. Re-
gardless of which is correct, a better understanding of the
disease mechanism requires an explanation for the rhythmic
phenomenon of cyclic neutropenia. With the goal of defining
genetic pathways regulating neutrophil production, we sought
to uncover factors interacting with neutrophil elastase and
Gfil. Remarkably, we discovered a novel protein, PFAAPS
(phosphonoformate immunoassociated protein 5, also known
as N4BP2L.2), which appears to make contact with both. Here,
we characterize PFAAPS’s association with neutrophil elastase
and Gfil and investigate its potential participation in a feed-
back circuit in which neutrophil elastase regulates its own
transcription.

MATERIALS AND METHODS

Yeast two-hybrid assay. We used the Matchmaker two-hybrid system (Clon-
tech). We have previously reported on the yeast two-hybrid screen performed
with Gfil (20). For neutrophil elastase, we prepared fusions of the indicated
sequences to the Gal4 DNA binding domain vector pGBKT7 and screened at
high stringency (in media lacking adenine) against 10° clones from a human bone
marrow cDNA library (Clontech) inserted into the Gal4 DNA activation domain
vector pGADT7. Interacting plasmid clones were retransformed with the bait
plasmid and control bait encoding a LexA-lamin C fusion, and the identities of
bait-dependent positive interactors were determined by DNA sequencing.

Plasmids. PFAAP5 cDNA was reverse transcribed from total human bone
marrow RNA (and found to be identical to GenBank entry BC010643) and
cloned into pCS2+ and pCS2+Myc-tag vectors (62). Expression constructs in
pCS2+ and pCS2+Myc-tag vectors containing ELA2 (47) and GFII (21, 55)
cDNAs and their derivatives have been previously described, with the exception
of the glycosylation variant of ELA2, N95A/N144A, which was constructed by
site-directed mutagenesis of full-length ELA2 (containing the carboxyl-terminal
propeptide) in the same vector system.

Antibody production. Three different affinity-purified chicken polyclonal an-
tibodies were raised by Aves Laboratories against the PFAAPS peptide C155 to
E171, the neutrophil elastase carboxyl-terminal propeptide C225 to H238, and
the internal epitope Q88 to D103.

Immunohistochemistry. Immunolocalization of the neutrophil elastase N95A/
N144A construct transiently transfected into RBL1 cells was performed as pre-
viously described (47), with the addition of counterstaining for LAMP1 (lysoso-
mal membrane glycoprotein 1) with 5 wg/ml primary mouse monoclonal antibody
LY1C6 (GeneTex) and 10 wg/ml secondary Alexa Fluor 555-conjugated donkey
anti-mouse immunoglobulin G (Invitrogen). Imaging was done with a Zeiss 510
laser scanning confocal microscope with a 63X Plan-Apochromat objective and
Zeiss LSM Image Browser software.

Coimmunoprecipitation. NIH 3T3 cells (4 X 10° in four 10-cm plates) were
transiently transfected using Lipofectamine Plus (Invitrogen) with 24 pg each of
pCS2+ expression vectors for PEAAPS, Gfil, and neutrophil elastase in three sets
in which one of each of the expression vectors contained an amino-terminal Myc
epitope tag and in an additional control set of experiments in which all three
expression vectors lacked the epitope tag. Each of the four sets of experiments was
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repeated twice: once using a form of neutrophil elastase containing the carboxyl-
terminal propeptide and once using a form of neutrophil elastase lacking this se-
quence. Forty hours following transient transfection, cells were harvested and lysed
using the Complete Lysis-M kit (Roche). To reduce nonspecific binding, the lysates
were brought to a volume of 1 ml in lysis buffer and incubated with 50 pl recombi-
nant protein G-agarose beads (Invitrogen) at 4°C for 30 min with gentle agitation.
The supernatants were split into three aliquots, brought to a volume of 1 ml using
lysis buffer, and incubated with 25 pg anti-Myc 9E10 mouse monoclonal antibody
(Roche) for 3 h at 4°C with gentle agitation. Recombinant protein G-agarose beads
(50 pl) were added, and incubation was resumed overnight. The immunoprecipitates
were collected and washed six times with 1 ml of phosphate-buffered saline and then
resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and detected
by Western blotting, as previously described (20, 21), except that for detection of
Gfil we used 3.33 ng/ml of mouse monoclonal antibody 2.5D.17 (Sigma) conjugated
to horseradish peroxidase (using the Lightning-Link HRP conjugation kit; Innova
Biosciences); for detection of neutrophil elastase containing the carboxyl-terminal
propeptide and PFAAPS, we used 2 pg/ml and 0.5 pg/ml of the respective primary
chicken antibody to carboxyl-terminal propeptide C225-H238, followed by a 1:10,000
dilution of horseradish peroxidase-conjugated goat anti-chicken secondary antibody
(Aves Laboratories).

ChIP. For chromatin immunoprecipitation (ChIP) assays, the set of combina-
tions of transfected vectors was the same as for the coimmunoprecipitation
experiments described above, except that the number of transfected NIH 3T3
cells and amount of DNA were halved. ChIP assays were performed with the
Chromatin Immunoprecipitation Assay kit (Upstate), using 25 g 9E10 as the
immunoprecipitating antibody. Semiquantitative PCR was performed for each
assay using gene-specific primer pairs. Each assay was performed in triplicate,
with representative data shown.

Transcriptional reporter assays. Transcriptional reporter assays were per-
formed as previously described (55), with the following modifications. NIH 3T3
cells were transiently transfected using Lipofectamine Plus. The Gfil-responsive
pB30Xx2-TKCAT reporter construct (0.5 ng) (25) was cotransfected with 1 pg of
the internal-control Renilla luciferase vector pRL-TK, the indicated quantity of
each experimental plasmid, and, in order to keep the total amount of DNA
constant across experimental conditions, either zero or varying quantities of
pCS2 plus B-galactosidase. Cell lysates were harvested 40 h later. To ensure
equal expression of the two forms of neutrophil elastase (with and without the
carboxyl-terminal propeptide), a Western blot was performed using chicken
polyclonal antibodies to the internal epitope Q88-D103 (processed as described
above for Western blots utilizing the chicken antibody to the carboxyl-terminal
propeptide), followed by reprobing with C-11 horseradish peroxidase-conjugated
antibody to actin (Santa Cruz Biotechnology) as an internal loading control.
Chloramphenicol acetyltransferase (CAT) activity was assayed with the CAT
ELISA kit (Roche) and normalized to Renilla luciferase activity measured with
the Dual-Luciferase assay (Promega). Experiments were performed in triplicate
and assayed twice each, with reporting of the standard error of the mean between
experiments. The following modifications were performed in assays evaluating
the effects of reduced expression of PFAAPS: custom small interfering RNA
(siRNA) directed against the mouse ortholog (GenBank accession number
BC037393) of PEAAPS (sense strand, ACAACAUUGUCUCGAAUUCTT; an-
tisense strand, GAAUUCGAGACAAUGUUGUTT) and negative control no. 2
siRNA were supplied by Ambion, and siRNA (50 pmol) and 1 pg of each
reporter (pRL-TK and pB30x2-TKCAT) were cotransfected with 10 ng of Gfil
and/or 40 ng of neutrophil elastase (with or without the carboxyl-terminal
propeptide) cDNA contained in pCS2+ expression vectors.

siRNA assays in HL-60 cells. Predesigned Silencer siRNAs (100 wmol; Am-
bion) directed against human PFAAPS (no. 22205), GFII (no. 16706), or ELA2
(no. 41659) were electroporated into HL-60 cells as previously described (21)
and, after 48 h of quantitative real-time reverse transcription (RT)-PCR was
performed, were normalized as before (21), using TagMan (Applied Biosystems)
gene expression assays (PFAAPS5, Hs00208459_m1; GFII, Hs00382207_ml;
ELA2, Hs00357734_m1; AZU1, Hs00156049_m1).

Isolation of human hematopoietic stem cells (HSCs). Human umbilical cord
blood and human adult peripheral stem cells were obtained under a protocol
approved by the Cincinnati Children’s Hospital Medical Center Institutional
Review Board. CD34* cells were enriched to >90% purity by immunomagnetic
bead selection (Miltenyi Biotec) and cryopreserved. Once thawed, the cells were
cultured in Iscove’s modified Dulbecco’s medium containing 20% fetal bovine
serum and supplemented with recombinant human stem cell factor, thrombo-
poietin, and FIt-3L (StemCell Technologies), all at 10 ng/ml.

Short hairpin RNA (shRNA) constructs and lentiviral transduction. Lentiviral
shPFAAPS vector MISSION pLKO.1-shPFAAP5-puro constructs were obtained
from Sigma. Yellow fluorescent protein (YFP) was subcloned into the Kpnl/
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TABLE 1. Yeast two-hybrid screen with Gfil zinc fingers

Protein No. of clones”
Ubiquitin conjugating enzyme 9 (UBCY)................... 13 (all overlap)
PIAS4 1
Importin 8 1
Ubiquitin A52 ribosomal fusion product ................... 4 (overlap)
PCNA 1
PRDMS5 1

Four and a half LIM domains 1 variant ..
GLI-Kruppel family member HKR2 .... 3 (overlap)

ZXDC 2 (identical)

Small nuclear ribonucleoprotein D1..........ccccceeuuueee 4 (2 identical, all overlap)
High-mobility group Box 2 4 (all overlap)

Poly(rC) binding protein 1 2 (overlap)

CD81 4 (3 identical, overlap)
Erythrocyte membrane protein band 4.2. w1
Synaptotagmin-like 1, isoform CRA_b..... w1
Translocase of inner mitochondrial

.. 2 (overlap)

membrane 50 homolog 1
Succinate dehydrogenase complex subunit B............ 1
Titin, isoform CRA_a
Fibrillin 2
von Willebrand factor preproprotein....

Eukaryotic translation initiation factor 3,

subunit 7 zeta, 66/67kDa, isoform CRA b ............ 1
Ribosomal protein S20 1
Eukaryotic translation initiation factor 3

subunit 7 1
Hypothetical protein LOCS54976 .......cccccoveeuvenicnnenee 1
PFAAPS 1
Hypothetical protein XP_001133338 ........cccccovuveeuenee 1
Hypothetical protein similar to 60S

ribosomal protein L.29 1

Trinucleotide repeat containing 5,
isoform CRA_a

3 (all overlap)

“ Independent clones with overlapping sequences are indicated by “overlap”;
identical clones are noted. cDNAs not producing open reading frames are not
shown.

BamHI site of pLKO.1-shPFAAPS vectors TRCN0000122131 and TRCN00001
45053, replacing puromycin. shGFI1 constructs have been previously described
(50). HEK 293T cells cultured in Dulbecco’s modified Eagle medium with 10%
fetal bovine serum were transfected by calcium phosphate with the lentiviral
vectors, vesicular stomatitis virus glycoprotein envelope expression plasmid, and
delta-8.9 packaging plasmid. Virus was collected and filtered through a 0.45-pm
filter, pelleted by centrifugation, and then purified by a secondary centrifugation
through a 20% sucrose cushion. For transduction, CD34™" cells were cultured in
the presence of lentiviral supernatant supplemented with Polybrene overnight.
Three days after transduction, the cells were sorted for YFP expression on a
FACSArria cell sorter (BD Biosciences).

CFU assays. Two thousand YFP*' sorted CD34" CB cells were seeded per
35-mm plate in MethoCult H4100 medium (StemCell Technologies) supplemented
with 20% BIT 9500 serum substitute (StemCell Technologies), 100 uM 2-mercap-
toethanol, 2 mM L-glutamine, 100 U/ml penicillin-streptomycin, and the human
cytokines erythropoietin (6 U/ml), granulocyte colony-stimulating factor (10 ng/ml),
interleukin-6 (20 ng/ml), interleukin-3 (20 ng/ml), and stem cell factor (20 ng/ml),
obtained from StemCell Technologies. Cultures were plated in replicate, and colo-
nies of more than 50 cells were scored after 14 days of incubation.

RESULTS

Two-hybrid screens with Gfil and neutrophil elastase each
recover PFAAPS. The yeast two-hybrid system is a tool for
detecting protein-protein interactions. In order to identify pro-
teins capable of interacting with Gfil, we recently (20) per-
formed a yeast two-hybrid screen of human bone marrow
cDNA utilizing the zinc finger region of human Gfil as bait.
Under high-stringency conditions (Table 1), we recovered just
28 interacting proteins (in the initial report [20], we character-
ized Gfil’s association with the PRDMS transcription factor).

We later performed a yeast two-hybrid screen of the same
library using human neutrophil elastase as bait. We initially
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found that expression of full-length ELA2 cDNA proved toxic
to yeast (not shown), consistent with previously described fun-
gicidal properties (54). We reasoned that the antimicrobial
activity might be confined to a particular part of the protein.
Noting that the tertiary structure of neutrophil elastase is com-
prised of two nearly equal-size beta-barrel structures joined at
amino acid P110 (11), we constructed baits corresponding to
each half of neutrophil elastase. The amino-terminal half of
neutrophil elastase (I1 to P110) again proved toxic to yeast
(not shown), but the half containing the more carboxyl termi-
nal of the two beta-barrel domains (P110 to H238) could be
stably cloned in yeast. Another consideration is that, in addi-
tion to “prepro” processing as part of signal peptide cleavage
and zymogen activation occurring at the amino-terminal end of
the protein, neutrophil elastase undergoes processing at its
carboxyl terminus (26). It is typically purified as a “mature”
form in which a 20-amino-acid-residue carboxyl-terminal
propeptide is absent, but an “immature” form in which the
carboxyl terminus remains intact (27) can also be detected.
Consequently, we prepared two different baits from the distal
half of neutrophil elastase, including a shortened one (P110 to
Q218) terminating at the site of carboxyl-terminal cleavage in
addition to the full-length form (P110 toH238) extending to
the site of translation termination.

Under high-stringency conditions, screening of the bait
(P110 to Q218) representing the mature form of neutrophil
elastase yielded so many positives (Table 2) that it was not
possible to characterize them all. There were in excess of 2,500
interacting clones; of these, we limited ourselves to determin-
ing the sequences of 200 and (because some proteins were
recovered multiple times as overlapping or identical clones)
identified 46 different proteins, including known substrates and
other neutrophil granule enzymes. It is perhaps not surprising
that neutrophil elastase demonstrates promiscuous interac-
tions, because as a protease with broad specificity (9), it pre-
sumably recognizes many proteins as substrates.

What is surprising, however, is that screening of the bait
(P110 to H238) representing the immature form of neutrophil
elastase containing the intact carboxyl terminus yielded just
two interacting proteins (ATP citrate lyase, an enzyme synthe-
sizing fatty acids and contributing to cytokine-stimulated pro-
liferation of hematopoietic cells [6], and PFAAPS, previously
identified as an expressed sequence tag but whose predicted
protein has remained uncharacterized) (Table 2), neither of
which we recovered with, and neither of which was capable of
interacting with (not shown), the bait lacking the carboxyl
terminus. Remarkably, PFAAPS was also among the few in-
teracting proteins that we detected in the yeast two-hybrid
screen employing Gfil. We therefore focused further studies
on PFAAPS and hypothesized that it may have a role in reg-
ulating neutrophil production by establishment of a molecular
link between neutrophil elastase and Gfil, which in turn con-
tributes to the transcriptional regulation of neutrophil elastase,
as predicted for a feedback circuit.

PFAAPS coimmunoprecipitates with neutrophil elastase
and Gfil in transfected cells. To corroborate interactions be-
tween these three proteins, we attempted to coimmunoprecipi-
tate PEFAAPS with neutrophil elastase and/or Gfil from HL-60
promyelocytes. Unfortunately, the chicken antibodies that we
generated to PFAAPS and to the carboxyl terminus of neutro-
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TABLE 2. Yeast two-hybrid screen with carboxyl domain of
neutrophil elastase

Protein

No. of clones

+C

— C-terminal X
terminal

Ig* alpha 1, chain C

Ig kappa light chain

Ig alpha2

Ig lambda chain

Collagen, alpha 1

Collagen, alpha 2

Collagen, alpha 2, type IV

Complement Clq chain A

Complement Clq chain C

Ficolin

a,-Macroglobulin

Plasminogen activator

Cytochrome oxidase II

Cytochrome oxidase III

Cytochrome oxidase V,

Cytochrome oxidase Vi,

Guanidinoacetate N-
methyltransferase

NADH-ubiquinone
oxidoreductase

NADH dehydrogenase

Succinate-ubiquinone
oxidoreductase I,

Alcohol dehydrogenase

Fructose 1,6-diphosphate

VPS29

Azurocidin

Cathepsin D

Chitotriosidase

Lactoferrin

PFAAPS

Deltex 2

Amino-terminal enhancer of
split

Acyl-coenzyme A:cholesterol

27 (21 unique, all overlap)
5 (2 overlap)
3 (all overlap)
2 (overlap)
3 (2 overlap)
3 (2 overlap)
1

2 (overlap)
1

2 (overlap)
2 (overlap)
2 (overlap)
3 (overlap)

W) = = =

(2 identical, all overlap)
1

2 (no overlap)
1

(overlap)

i R

2 (overlap)
6 (all overlap)

1
1

3 (all overlap)

acyltransferase
ATP citrate lyase -
PIGA
Phospholipase A2, IV (cPLA2)
Aminolevulinate 3-synthase 2
5’-Aminolevulinate synthase
Bile acid B-glucosidase
Uroporphyrinogen decarboxylase
Actin, B/y
DNAJ
HSP60
ANI11
WD repeat protein 8
WD repeat domain 6 protein
MMP9
Peripheral benzodiazepine
receptor, alternate form

2 (identical)

(8 overlap)

(identical)

[ N e e

(identical)

“ Ig, immunoglobulin.

phil elastase did not prove suitable for immunoprecipitation,
necessitating the use of ectopically expressed constructs con-
taining an epitope tag. An additional consideration is that
neutrophil elastase in HL-60 and other cell lines of myeloid
derivation is predominantly found in the mature form lacking
the carboxyl terminus (47) required for interaction with
PFAAPS in the yeast two-hybrid assay. We had previously
observed that nonmyeloid cells, such as NIH 3T3 mouse fibro-
blasts, lack the ability to appropriately process the termini of
transfected neutrophil elastase (47) and reasoned that in such
cells the immature form of neutrophil elastase still containing
an intact carboxyl terminus might be sufficiently stable to per-
mit detection of potential intracellular interactions with
PFAAPS and/or Gfil. We therefore performed coimmunopre-
cipitation in transfected NIH 3T3 cells. We prepared expres-
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sion constructs for neutrophil elastase (containing the carboxyl-
terminal propeptide), Gfil, and PFAAPS, each with or without
an amino-terminal Myc epitope tag, and then cotransfected
each tagged version together with the other two untagged
proteins (along with a negative control in which the Myc
epitope tag was absent from all three proteins), performed
immunoprecipitation with anti-Myc, and developed Western
blots with antibodies against native forms of each of the three
proteins (Fig. 1). In order to detect interactions specifically
dependent on the carboxyl-terminal propeptide of neutrophil
elastase, we developed an antibody to this sequence and em-
ployed it for the Western blots shown in Fig. 1 (middle row).
The results showed that each Myc-tagged protein coimmuno-
precipitated with each of the other two proteins. (Note that the
Myc-tagged version of each protein demonstrated a higher
molecular weight, as expected, but that for each Myc-tagged
protein an additional band comigrated with the transfected
native protein, suggesting that neutrophil elastase might have
degraded the Myc tag in the immunoprecipitated fraction.
Note also that coimmunoprecipitation was bidirectional, al-
though immunoprecipitation against PFAAPS appeared to
more robustly pull down neutrophil elastase than vice versa.)
As qualified under these experimental conditions involving
overexpression of epitope-tagged constructs in a nonhemato-
poietic cell line, each of the three proteins can associate with at
least one of the other two, but we cannot differentiate between
all three proteins being in one complex versus two proteins
together in each of the three possible pairwise combinations.

ChIP reveals occupancy of neutrophil elastase and PFAAPS
on a Gfil-targeted promoter. We have previously used ChIP to
show that Gfil binds to the promoter of the cyclin-dependent
kinase inhibitor gene p21<*"4¥7 in association with histone-

Input a-Myc Immunoprecipitation
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FIG. 1. Coimmunoprecipitation of PFAAPS, Gfil, and neutrophil
elastase. NIH 3T3 cells were transfected with Gfil, neutrophil elastase
(NE), and PFAAPS expression vectors (or a 3-galactosidase-expressing
control). In each set, the Myc epitope tag was present in one or none
(fourth lane from left) of the expression vectors. Input lysates before (left
blot) or after (right blot) immunoprecipitation with anti-Myc (a-Myc)
were detected by Western blotting with anti-Gfil (top row), anti-neutro-
phil elastase carboxyl-terminal propeptide (middle row), and anti-
PFAAPS (bottom row). Transfection with a B-galactosidase-expressing
control vector was included to demonstrate antibody specificity in input
Western blots. (For the PFAAPS input Western blot, the lanes are
cropped from a single exposure of a continuous membrane, as indicated
with a vertical line separating the rightmost lane.)
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Myc-Gfi1 / NE+C / PFAAP5
Gfi1 / Myc-NE+C / PFAAP5
Gfi1 / NE+C / Myc-PFAAP5
Myc-Gfi1 / NE-C / PFAAPS
Gfi1 / Myc-NE-C / PFAAP5
Gfi1 / NE-C / Myc-PFAAP5

Gfi1 / NE+C / PFAAP5
Gfi1 / NE-C / PFAAP5

Input
p21CiPWAFT Promoter
a-Myc ChIP

Input
PDE4D Promoter

a-Myc ChIP

FIG. 2. ChIP of PFAAPS, Gfil, and neutrophil elastase from the
p21€PWAFT promoter. Vectors expressing neutrophil elastase with
(NE+C) (first four lanes from left) or without (NE-C) (last four lanes)
its carboxyl-terminal propeptide were cotransfected into NIH 3T3
cells, along with vectors expressing Gfil and PFAAPS. Each expressed
protein was labeled one at a time with Myc epitope (lanes 1 to 3 and
5 to 7), or all were unlabeled (lanes 4 and 8). Ethidium-stained,
agarose gel electrophoresis-separated PCR fragments of Gfil binding
sites in the p21<?"AF1 promoter (top two rows) performed before
(Input) or after (ChIP) immunoprecipitation with anti-Myc (a-Myc)
are shown with negative control experiments for the PDE4D promoter
(bottom two rows), which lacks Gfil binding sites.

modifying proteins (21). We therefore determined if neutro-
phil elastase and PFAAPS could also be immunoprecipitated
in association with Gfil from chromatin corresponding to the
p21P" AT promoter (Fig. 2). We performed the experiments
similarly to the coimmunoprecipitation experiments described
above; we cotransfected NIH 3T3 cells with the Myc epitope-
tagged version of each protein, along with the other two un-
tagged proteins, but we completed two series: in one (Fig. 2,
top left), neutrophil elastase contained the carboxyl-terminal
propeptide required for PEAAPS interaction, and in the other
(Fig. 2, top right), neutrophil elastase lacked the carboxyl-
terminal propeptide. We then immunoprecipitated sheared
chromatin with anti-Myc and used PCR to evaluate the pres-
ence of bound p21<?" ¥ promoter fragments. All three pro-
teins could be pulled down from the p21<*" ¥ promoter, but
only in the presence of the form of neutrophil elastase con-
taining the carboxyl-terminal propeptide required for PEAAPS
interaction. (Immunoprecipitation against Gfil provided the
strongest signal, however, indicating that not all Gfil associates
with the other two factors.) We also performed a control ex-
periment in which none of the three constructs encoded an
epitope-tagged version of the expressed protein (Fig. 2, fourth
lane from left of each set of experiments) and included as a
negative control the PDE4D promoter (Fig. 2, bottom), which
we had previously shown is not a target to which Gfil can bind
(21). We conclude that all three proteins are capable of form-
ing a complex on the promoter of a gene targeted for repres-
sion by Gfil and that a specific interaction between neutrophil
elastase containing an intact carboxyl terminus and PFAAPS
appears to be required for participation of the last two factors.

PFAAPS mediates neutrophil elastase and Gfil transcrip-
tional repressor cooperation in reporter assays performed
with siRNA. Without a coactivator, such as PRDMS5 (20) or
C/EBPe (39), Gfil functions as a transcriptional repressor. To
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determine if neutrophil elastase, in the presence or absence of
PFAAPS, can influence Gfil’s transcriptional repressor activ-
ity, we performed transient-transfection reporter assays, along
with RNA interference studies of PEFAAPS, in NIH 3T3 cells.
NIH 3T3 cells express endogenous PFAAPS (as determined by
RT-PCR [not shown]). We therefore transfected NIH 3T3
cells with neutrophil elastase and Gfil expression vectors,
along with a Gfil-responsive reporter plasmid plus either
PFAAPS5-specific or control siRNA (Fig. 3A). In the presence
of control siRNA (Fig. 3A), which does not alter PFAAPS5
expression levels or otherwise affect the reporter assay (as
determined with initial assays [not shown]), Gfil demonstrated
a basal level of repressor function (here normalized to a value
of 1) (Fig. 3A, Gfil). Without Gfil, neutrophil elastase con-
taining or lacking the carboxyl terminus showed no repressor
activity (equivalent to control transfections [not shown]). How-
ever, Gfil cotransfected in the presence of neutrophil elastase
yielded more potent repression than Gfil alone (regardless of
whether neutrophil elastase contained or lacked the carboxyl
terminus). To determine if the potentiation of Gfil repressor
function by neutrophil elastase requires PEAAPS, we depleted
its expression using siRNA (Fig. 3A). Reduction of PFAAPS5
(as confirmed by RT-PCR[not shown]) affected the coopera-
tive transcriptional repressor activity of Gfil only when in the
presence of neutrophil elastase containing the carboxyl ter-
minus, so that repressor activity was equivalent to that of
Gfil acting alone. Western blotting (Fig. 3B) showed that
the carboxyl-terminal propeptide does not influence the
abundance of either form of neutrophil elastase used in this
assay. We conclude that neutrophil elastase with or without
its carboxyl terminus can enhance transcriptional repression
by Gfil but that, as might be expected, only the form of
neutrophil elastase containing the carboxyl terminus and
capable of interacting with PFAAPS requires PFAAPS for
this effect.

Nuclear localization of neutrophil elastase enhances Gfil
corepressor activity in reporter assays. Gfil, like other tran-
scription factors, is found in the nucleus (25). PEFAAPS is also
located in the nucleus (our results [not shown], as well as the
EMBL GFP-cDNA localization database [http:/gfp-cdna.embl
.de/loc-html/Q92802.html]). Neutrophil elastase, on the other
hand, primarily distributes to cytoplasmic granules, although it
has been purified from elsewhere, including from the nucleus,
as reviewed previously (34). We reasoned that if neutrophil
elastase were acting in concert with Gfil and PFAAPS, then
facilitating its trafficking to the nucleus should improve its
potency in functioning as a corepressor. In other work inves-
tigating glycosylation, we found that replacement of two aspar-
agine residues (N95 and 144A) in neutrophil elastase unex-
pectedly resulted in its increased concentration within the
nucleus, compared to a granular and nuclear envelope distri-
bution for the wild type, as shown by immunohistochemical
localization in transiently transfected RBLI cells (Fig. 4A). We
took advantage of this incidental finding to determine if nu-
clear localization of neutrophil elastase influences its repressor
activity. Using transient transfection of NIH 3T3 cells with a
Gfil-responsive reporter, as before, we found that, compared
to a titration of wild-type neutrophil elastase (containing the
carboxyl terminus) expression vector (Fig. 4B, first four bars),
the nuclear-localizing form of neutrophil elastase (N95A/
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FIG. 3. Potentiation of Gfil repression by neutrophil elastase in the presence of PFAAPS, as shown by reporter assay with RNA interference.
(A) NIH 3T3 cells were transiently transfected with vectors expressing Gfil (10 ng) and/or neutrophil elastase (40 ng), with (NE+C) or without
(NE-C) its carboxyl-terminal propeptide, along with a Gfil-responsive CAT reporter, in the presence of siRNA directed against the endogenous
mouse ortholog of PFAAPS5 (black bars) or a control siRNA (gray bars). CAT activity was normalized to cotransfected luciferase, and the total
quantity of transfected DNA was held constant by the addition of a B-galactosidase expression vector. (B) Western blot showing equal expression
of NE+C and NE-C in NIH 3T3 cells under conditions equivalent to those in panel A. a-ACTB, anti-B-actin loading control. P values were
determined by a two-tailed ¢ test. *%, P < 0.01; *, P < 0.05. The error bars indicate standard errors of the means.

N144A, in which the two asparagine residues responsible for
glycosylation are replaced with alanine in a full-length con-
struct including the carboxyl terminus) demonstrated more
than four-times-greater corepressor activity (Fig. 4B, right bar)
in the presence of Gfil. These results indicate that neutrophil
elastase’s ability to function as a corepressor improves when a
greater concentration distributes to the nucleus, although we
cannot exclude potential effects resulting from loss of glycosy-
lation in the nuclear-localizing construct.

Silencing of neutrophil elastase, Gfil, or PFAAPS upregu-
lates ELA2 and AZUI in HL-60 promyelocytes. To determine
if the three factors neutrophil elastase, Gfil, and PFAAPS
act together to promote transcriptional repression of neu-
trophil elastase, as well as Gfil (which autoinhibits its own
transcription [18]), as predicted for a negative feedback
circuit, we used RNA interference to evaluate the effect of
reducing the expression of each factor one at a time. We
therefore transfected HL-60 promyelocytes with siRNAs
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FIG. 4. Enhancement of neutrophil elastase corepressor activity through nuclear localization. (A) Preferential localization of a neutrophil
elastase N9SA/N144A glycosylation variant in the nucleus. Shown is indirect immunofluorescence localization by confocal microscopy of neutrophil
elastase (NE) (green) on the right, with DAPI (4',6'-diamidino-2-phenylindole) (blue) nuclear and granular LAMP1 (red) counterstaining on the
left column, for the wild type (top row) or a N95A/N144A glycosylation variant (bottom row) in transiently transfected RBL1 cells. (B) Transient-
transfection reporter assay in NIH 3T3 cells showing better Gfil corepression with a nuclear-localizing glycosylation variant of neutrophil elastase.
Cells were transfected with Gfil-responsive CAT reporter or Gfil expression vector (45 ng), and the mass ratios of wild-type neutrophil elastase
or neutrophil elastase N9SA/N144A expression vector (both with the carboxyl-terminal propeptide intact) are indicated. CAT activity was
normalized to cotransfected luciferase, and the total quantity of transfected DNA was held constant by the addition of a B-galactosidase expression

vector. P values were determined by a two-tailed ¢ test. *%, P < 0.01;

corresponding to either GFI1, PFAAPS5, ELA2, or a control
sequence. For the purpose of our experiments, designed to
investigate a feedback loop hypothesis, we obviously could
not use ELA2 expression levels to interrogate downstream
transcriptional effects of ELA2 silencing. Therefore, as a
surrogate “readout” for determining whether neutrophil
elastase participates in the repression of its own transcrip-
tion, we evaluated expression from the AZU! gene (encod-
ing azurocidin). AZUI was previously shown to also be re-
pressed by Gfil (19). Along with PRTN3 (encoding
proteinase 3), ELA2 and AZUI comprise a family of closely
related genes encoding neutrophil granule proteins that
likely arose by duplication in closely spaced intervals on the

%, P < 0.05. The error bars indicate standard errors of the means.

terminus of the short arm of human chromosome 19 and
whose expression appears to be under the control of com-
mon transcriptional regulatory elements (59, 64). AZUI ex-
pression should therefore parallel that of ELA2, but because
we were not manipulating AZUI transcript levels with
siRNA (as with ELA2), AZUI should therefore permit as-
sessment of whether neutrophil elastase has autoinhibitory
effects on its transcription. The experiment (Fig. 5) showed
that siRNA directed against GFII, PFAAPS5, or ELA2 not
only reduced the level of each targeted transcript (as in-
tended), but elevated the expression of AZUI, with knock-
down of PFAAPS yielding the strongest effect. These results
suggest that all three factors can act together to repress
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transcription from the ELA2-containing cluster of serine
protease genes on chromosome 19.

The transcriptional effects of neutrophil elastase are inde-
pendent of proteolytic activity and are overdampened by cyclic
neutropenia mutations. To determine whether potentiation of
transcriptional repression by Gfil is dependent upon neutro-
phil elastase’s catalytic activity as a protease, we repeated the
reporter assays utilizing an enzymatically inactive form of neu-
trophil elastase (S173A) in which the catalytic serine had been
replaced with an alanine residue (47). The proteolytically in-
active form of neutrophil elastase functioned equivalently to
the wild type (Fig. 6), demonstrating that transcriptional re-
pressor activity is independent of enzymolysis (and additionally
excludes artifacts related to selective proteolysis of the CAT
reporter). To evaluate whether mutations responsible for cyclic
neutropenia disturb neutrophil elastase’s transcriptional re-
pressor activity, we repeated the reporter assays utilizing two
different mutations (AV161-F170 and R191Q) that cause cyclic
neutropenia (33). Each mutation enhances neutrophil elas-
tase’s transcriptional repressor activity in the presence of Gfil.
This observation is consistent with the feedback model as an
explanation for disease: a mutant form of neutrophil elastase
that overly inhibits its own synthesis, as well as other terminal
effectors of granulocytic differentiation under the control of
the Gfil transcriptional program, should lead to cyclical sup-
pression of neutrophil formation.

Silencing of PFAAPS in HSCs promotes proliferation while
reducing the proportion differentiating into myeloid cells. To
investigate PFAAPS’s contributions to HSC differentiation, we
purified human CD34" hematopoietic stem cells and trans-
duced them with lentiviral vectors expressing two different
shRNAs targeting PFAAPS (Fig. 7A). In vitro colony forma-
tion assays of adult peripheral blood stem cells revealed that

depletion of PFAAPS reduces the proportion differentiating
into myeloid types of colonies (Fig. 7B). Colony formation
assays of CD34™ human cord blood from a different individual
revealed more pronounced effects on reducing or eliminating,
respectively, macrophage and granulocyte colony formation
(Fig. 7C). The differences in colony formation assays between
the two sources of HSCs may be related to the different de-
velopmental stages from which they were derived (cord blood
versus adult) or to interindividual differences related to the
genetic backgrounds of the donors. Nevertheless, the positive
control experiments with depletion of Gfil (Fig. 7C) demon-
strated that, overall, loss of PFAAPS has effects similar to
those of the loss of Gfil (30, 36), except that, unlike for Gfil,
there is no reduction in erythrocyte colony formation with
PFAAPS depletion.

DISCUSSION

How mutations in £LA2 and other genes disrupt hemato-
poiesis and cause neutropenia has remained unexplained. Per-
haps the most striking—yet puzzling—clue is the cycling neu-
trophil count. Studies of circadian and other rhythms have led
to the identification of transcriptionally coupled feedback
loops responsible for regulating biological clocks (35, 43), and
similarly, theoretical studies of cyclic neutropenia (28, 51) have
also invoked disturbance of feedback circuits as a potential
explanation for blood cell oscillation in this disease, although
these models were proposed before the responsible genes were
recognized. Another important finding derives from observa-
tions of individuals who are mosaic for ELA2 mutations (3),
where the mutant and wild type are equally distributed among
progenitor cell populations yet it is only the wild type that is
found in circulating neutrophils, indicating that mutant neu-



4402 SALIPANTE ET AL.

*k
P=0.003

MoL. CELL. BIOL.

*
[ P=0.039

{
Kl [ P=0.019 |
% P=0.29
2 Pz 1
bt T
£ T
~ 0.5
[0}
=4
o
]
o T T
z

0

GFI1 GFH & NE+C GFI1 & NE+C GFI1 & NE+C GFI1 & NE+C

(Wild Type)

(S173A)  (AV161-F170)  (R191Q)

FIG. 6. Independence of neutrophil elastase (NE) transcriptional effects from protease activity and enhanced transcriptional dampening from
cyclic neutropenia mutations. NIH 3T3 cells were transiently transfected with vectors expressing Gfil (10 ng) and neutrophil elastase (40 ng)
containing its carboxyl-terminal propeptide, along with a Gfil-responsive CAT reporter. Wild-type neutrophil elastase was compared to a
proteolytically inactive non-disease-causing mutation (S173A) and two different mutations (AV161-F170 and R191Q) responsible for cyclic
neutropenia. CAT activity was normalized to cotransfected luciferase. P values were determined by a two-tailed ¢ test. **, P < 0.01; *, P < 0.05.

The error bars indicate standard errors of the means.

trophil elastase acts cell autonomously to prevent the matura-
tion of precursors.

The possibility, then, that neutrophil elastase, whose expres-
sion is restricted to the progenitor cell population that it is
capable of inhibiting (46), can communicate with Gfil, a tran-
scription factor governing both neutrophil elastase expression
(19, 30, 55) and the production of neutrophils (29, 65), has
immediate attraction, for it has the potential to “close” a pos-
tulated feedback circuit (Fig. 8). We therefore became in-
trigued by detecting PFAAPS in yeast two-hybrid screens that
otherwise identified few interacting partners for either neutro-
phil elastase (when in a form containing the carboxyl-terminal
propeptide) or Gfil.

PFAAPS is the previously uncharacterized product of a tran-
script deposited in GenBank (accession no. AF530063) after it
was found to be upregulated following treatment of Jurkat T
lymphocytes with the herpesvirus drug phosphonoformate. Its
predicted polypeptide structure (using the Robetta protein-
modeling algorithm [40; http://robetta.bakerlab.org]) reveals a
bipartite topology (not shown) compatible with our proposal
for a role as an adapter capable of bridging interactions be-
tween two functionally disparate proteins. As noted, PFAAPS
is a nuclear protein, and it contains a predicted nuclear local-
ization signal (K133 to K160, according to the PredictNLS
algorithm [16; http://cubic.bioc.columbia.edu/predictNLS]) but
is not expected to bind DNA (according to the LOCtree algo-
rithm [52; http://cubic.bioc.columbia.edu/cgi/var/nair/loctree
/query]). PFAAPS lacks obvious similarity to other known pro-
teins, except for the vicinity of its carboxyl terminus, which

demonstrates homology to a portion of B3BP (BCL-3 binding
protein) sharing a highly conserved ATPase domain (including
a “Walker A” motif between R408 and K415 of PFAAPY),
which contributes to B3BP interactions with the BCL-3 onco-
protein and p300/CBP histone acetyltransferase (63), offering
further support that PFAAPS participates in transcriptional
regulation. PFAAPS is most strongly expressed in the bone
marrow in CD33" promyelocytes and CD34" HSCs and in the
peripheral blood in monocytes (according to GNF Gene Ex-
pression Atlas 2 [60] as accessed from the Genome Browser
[http://genome.ucsc.edu]), suggesting that it is important for
neutrophil differentiation. PFAAPS is also one of the most
strongly downregulated transcripts following exposure to ar-
senic compounds (4), whose toxicity includes neutropenia (10)
and whose therapeutic effect in the treatment of leukemia is to
induce differentiation of promyelocytic blasts (61). PFAAPS
becomes phosphorylated at serine 199 in response to DNA
damage, as recently determined (49) through a large-scale
analysis of substrates for the protein kinases ATM (ataxia
telangiectasia mutated) and ATR (ATM and Rad3 related).
Silencing of PFAAPS expression in HSCs significantly im-
paired myeloid differentiation. In cord blood obtained from
one human donor, RNA interference depletion of PFAAPS
completely abolished neutrophil production in in vitro colony
formation assays. These results suggest that PEAAPS may have
an indispensable role in regulating neutrophil production.
PFAAPS is a nuclear protein, as is Gfil (25). Neutrophil
elastase, however, is predominately found in the granules of
neutrophils. Nevertheless, other studies indicate that neutro-
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phil elastase travels to the nucleus and is capable of influencing
transcription. Before attaining oncogenic activity, the PML-
RARa« fusion transcription factor, generated by chromosomal
translocation in promyelocytic leukemia, becomes cleaved, and

PFAAPS’s ROLE IN NEUTROPENIA 4403

Feedback Loop

ELA2 -+ NE

FIG. 8. Schematic of PFAAPS’s role in the feedback loop. NE,
neutrophil elastase.

biochemical and genetic experiments have demonstrated that
neutrophil elastase proteolyses PML-RAR« within the nucleus
(44, 45). Neutrophil activation in response to pathogens results
in dispersal of net-like structures comprised of chromatin em-
bedded with neutrophil elastase (15, 22). Neutrophil elastase
cleaves the telomere binding protein TRF2 within the nucleus
during radiation-induced apoptosis of HL-60 promyelocytes
(53). Our incidental finding that mutation of N-linked glyco-
sylation sites promotes nuclear accumulation of neutrophil
elastase (and thereby makes it a more potent transcriptional
corepressor) also hints at cellular mechanisms facilitating its
nuclear trafficking. How neutrophil elastase translocates to
the nucleus is not known. The nuclear trafficking of neutro-
phil elastase may occur through a posttranslational pathway
distinct from its granule-trafficking pathway.

There is a precedent for proteases “moonlighting” as tran-
scription factors. VPE is a cysteine protease of plant vacuoles
(arguably equivalent to neutrophil granules) and is involved in
tissue differentiation and apoptosis, but it can also function as
a transcription factor (48). VPE mutations affecting its proteo-
lytic activity do not interfere with its transcription factor capa-
bilities, indicating that these two functions are separate. Sim-
ilarly, for neutrophil elastase, we found that mutationally
inactivating the catalytic serine required for proteolysis did not
influence its ability to function as a transcriptional repressor.

PFAAPS may have a role in promoting the maturation of the
carboxyl terminus of neutrophil elastase. The RNA interfer-
ence studies showed that PEAAPS is required to help neutro-
phil elastase act as a corepressor with Gfil in HL-60 promy-
elocytes, where neutrophil elastase is processed to remove the
carboxyl propeptide, and therefore should no longer interact
with PFAAPS. On the other hand, a “preprocessed” version of
neutrophil elastase, in which the carboxyl propeptide was de-
leted, functioned as a corepressor just as well as the full-length
version of neutrophil elastase containing an intact propeptide
in NIH 3T3 fibroblasts, and its activity remained unchanged
when PFAAPS was knocked down by RNA interference. We
reconcile these observations by positing that PFAAPS is re-
quired for neutrophil elastase’s transcriptional activity prior to
the removal of the carboxyl terminus and that only once the
propeptide is removed does neutrophil elastase become tran-
scriptionally active.

We also examined the effects of mutations in neutrophil
elastase that are responsible for cyclic neutropenia. Two dif-
ferent mutations (AV161-F170 and R191Q) each enhanced
neutrophil elastase’s ability to potentiate Gfil transcriptional
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repressor activity. This observation is in agreement with the
proposed model, in which pathogenic overdampening of the
feedback circuit would be expected to inhibit production of
neutrophil elastase, as well as other transcriptional functions
that are under the control of Gfil. With respect to SCN, it may
be significant that many of the mutations of neutrophil elastase
that cause SCN truncate the protein just prior to the carboxyl-
terminal propeptide (34) and therefore lack the region of neu-
trophil elastase that appears to be required for interaction with
PFAAPS. Thus, mutations affecting neutrophil elastase’s car-
boxyl terminus might indirectly disrupt Gfil function via
PFAAPS and thereby also impair transcriptional programs un-
der Gfil’s control—including neutrophil differentiation and
the cell cycle (29, 31, 65).
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