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The protein tyrosine phosphatases (PTPs) T cell PTP (TCPTP) and PTP1B share a high level of catalytic domain sequence and
structural similarity yet display distinct differences in substrate recognition and function. Their noncatalytic domains contrib-
ute to substrate selectivity and function by regulating TCPTP nucleocytoplasmic shuttling and targeting PTP1B to the endoplas-
mic reticulum (ER). The Drosophila TCPTP/PTP1B orthologue PTP61F has two variants with identical catalytic domains that
are differentially targeted to the ER and nucleus. Here we demonstrate that the PTP61F variants differ in their ability to nega-
tively regulate insulin signaling in vivo, with the nucleus-localized form (PTP61Fn) being more effective than the ER-localized
form (PTP61Fm). We report that PTP61Fm is reliant on the adaptor protein Dock to attenuate insulin signaling in vivo. Also, we
show that the PTP61F variants differ in their capacities to regulate growth, with PTP61Fn but not PTP61Fm attenuating cellular
proliferation. Furthermore, we generate a mutant lacking both PTP61F variants, which displays a reduction in median life span
and a decrease in female fecundity, and show that both variants are required to rescue these mutant phenotypes. Our findings
define the role of PTP61F in life span and fecundity and reinforce the importance of subcellular localization in mediating PTP
function in vivo.

The phosphorylation of proteins on tyrosine residues is a fun-
damental aspect of cellular signaling, allowing cells to respond

to varied extracellular and intracellular cues. Tyrosine phosphor-
ylation is a reversible dynamic process controlled by the opposing
actions of protein tyrosine kinases (PTKs) and protein tyrosine
phosphatases (PTPs). PTPs are a large and structurally diverse
family of enzymes found in both eukaryotes and prokaryotes (1,
2). In mammals, the PTP superfamily includes 38 classical PTPs
that act exclusively on tyrosine phosphorylated substrates (1, 2).
PTPs have been implicated in various physiological processes, and
aberrations in PTP function have been linked with many human
diseases, including immune and neurological disorders, meta-
bolic diseases, and cancer (1, 2).

The prototypic PTP1B and T cell PTP (TCPTP) are two of the
most closely related PTPs in the human genome, sharing a high
degree of similarity in primary (72% identity/86% similarity) and
tertiary structures and virtually indistinguishable active sites (1,
3). In particular, the two PTPs share a second phosphotyrosine-
binding pocket adjacent to the active site that allows for the selec-
tive recognition of tandem phosphorylated substrates (4, 5) such
as the insulin receptor (IR) PTK (5) and Janus-activated PTKs
(JAK) (6). However, despite this striking conservation in catalytic
domain structure, the two PTPs display exquisite substrate pref-
erence in a cellular and biological context (1, 7). For example,
PTP1B and TCPTP dephosphorylate different JAK family PTKs
(PTP1B dephosphorylates JAK-2 and Tyk2, and TCPTP dephos-
phorylates JAK-1 and JAK-3) (6, 8) and can differentially contrib-
ute to the dephosphorylation of overlapping substrates such as
c-Src; PTP1B dephosphorylates the C-terminal Y529 inhibitory
site to activate c-Src, whereas TCPTP dephosphorylates the Y416
autophosphorylation site to inactivate c-Src (9–13). Furthermore,
PTP1B and TCPTP can act cooperatively to regulate IR �-subunit
Y1162/Y1163 phosphorylation to control the intensity and dura-

tion of IR activation and signaling, respectively (14), and can also
function in concert to regulate JAK/signal transducer and activa-
tor of transcription (STAT) signaling (1); for example PTP1B can
act at the level of the Y1007/Y1008 phosphorylated JAK2 (8, 15)
and TCPTP at the level of the Y705 phosphorylated STAT3 (16) to
attenuate leptin signaling. The overall difference in PTP1B versus
TCPTP substrate selectivity and function is reflected by the overt
phenotypic differences of PTP1B- versus TCPTP-null mice (17–
19). Mice that are globally deficient for TCPTP die soon after birth
from severe anemia and immune system dysfunction (19),
whereas PTP1B knockout mice have a normal life span and exhibit
enhanced insulin sensitivity and obesity resistance (17, 18).

The capacity of PTP1B and TCPTP to differentially contribute
to cellular signaling has been ascribed to both inherent differences
in catalytic domain substrate specificity and differences in their
noncatalytic domains that contain distinct protein-protein inter-
action and subcellular targeting motifs (1). PTP1B is targeted to
the endoplasmic reticulum (ER) by a hydrophobic C terminus
and accesses substrates at cell-cell junctions and after receptor
PTK endocytosis (20–24). The noncatalytic C terminus of PTP1B
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also contains a proline-rich sequence (PXXP motif) that allows
PTP1B to interact with SH3 domains of proteins such as p130cas

(25) to influence PTP1B substrate selectivity. On the other hand,
TCPTP exists as two forms with distinct subcellular localizations
(1). The TCPTP variants arise from alternative splicing to generate
a 48-kDa protein (TC48) with a hydrophobic C terminus that is
targeted to the ER similarly to PTP1B and a 45-kDa variant
(TC45) that lacks the hydrophobic C terminus and is targeted to
the nucleus by a bipartite nuclear localization signal (NLS) (1);
both TCPTP variants lack the PXXP motif present in the C termi-
nus of PTP1B. Importantly, although its nuclear locale affords
TC45 access to nuclear substrates such as STAT-1, -3, -5, and -6
(16, 26–30), TC45 can also exit the nucleus to access substrates
such as the IR and JAK-1/3 at the plasma membrane (6, 31–33).
TC45 exit from the nucleus occurs in response to varied physio-
logical stimuli, including hormones such as insulin, as well as cel-
lular stresses such as hyperosmotic shock that activate the AMP-
activated protein kinase (1, 31–33).

Drosophila melanogaster is an ideal organism to study the reg-
ulation and functions of PTPs, as many signaling pathways are
highly conserved between mammals and flies (34). In Drosophila,
PTP61F is the single orthologue of PTP1B and TCPTP (35). The
catalytic domain of PTP61F exhibits approximately 60% similar-
ity to that of PTP1B or TCPTP and includes the second phospho-
tyrosine-binding pocket (our unpublished data) that allows the
recognition of tandem tyrosine phosphorylated substrates. Alter-
native splicing of the PTP61F message can result in two character-
ized variants with identical noncatalytic N termini and PTP cata-
lytic domains but differing extreme C termini (Fig. 1): one has a
hydrophobic C-terminal tail similar to PTP1B/TC48, is targeted
to intracellular membranes including the ER, and will here be
referred to as PTP61Fm, and the other lacks the hydrophobic C
terminus, is targeted to the nucleus like TC45 by a yet to be defined
NLS, and will hereon be referred to as PTP61Fn (35). Like PTP1B,
both variants have a proline-rich sequence (five PXXP motifs) in
their noncatalytic C-terminal domains (35) that allows for inter-
actions with SH3 domain-bearing proteins such as the adaptor
protein Dock (9, 25, 36–38). Like PTP1B and TCPTP, PTP61F has
been shown to negatively regulate both IR and JAK/STAT signal-
ing (38–40) as well as to play roles in actin remodeling and orga-
nization (41, 42). Moreover, as for PTP1B/TCPTP, PTP61F can
recognize the corresponding tandem phosphorylated IR� Y1162/
Y1163 in Drosophila (dIR Y1153/Y1154) (38). In this study, we
have compared the roles of PTP61Fm and PTP61Fn in IR regula-

tion and tissue growth and generated PTP61F-deficient flies to
assess PTP61F function in vivo. We report that the PTP61F vari-
ants can differentially regulate IR signaling and growth and that
PTP61F-deficiency results in alterations in life span and female
fecundity (reproductive capacity) associated with elevated levels
of IR and JAK/STAT signaling.

MATERIALS AND METHODS
Drosophila stocks. The w1118 (BL no. 5905) and Df(3L)ED4191/TM2 (BL
no. 8049) lines were obtained from Bloomington Stock Center. The up-
stream activation sequence-RNA interference (UAS-RNAi) line against
STAT92E was obtained from the Vienna Drosophila RNAi Center (VDRC
no. 43866). The P{RS5}5-HA-2445 strain was obtained from the Szeged
Stock Centre. The GMR-Gal4, ey-Gal4, UAS-dp110, UAS-dp110DN,
and UAS-IR lines were kindly provided by Helena Richardson (Peter
MacCallum Cancer Centre, Australia). The arm-Gal4 and dpp-Gal4 lines
were kindly provided by Gary Hime (The University of Melbourne, Aus-
tralia). The UAS-Dock line was kindly provided by Larry Zipursky (How-
ard Hughes Medical Institute, University of California, Los Angeles, CA).
Stocks were reared on yeasted semolina-syrup medium in 30-ml vials or
250-ml bottles at 22°C in a room with access to natural light. Crosses were
performed at 25°C with the exception of crosses involving UAS-dp110,
which were performed at 29°C.

Generation of UAS-PTP61F transgenic lines. Full-length cDNAs for
PTP61Fm and PTP61Fn were amplified using reverse transcriptase PCR
(RT-PCR) from whole-fly Canton-S mRNA. The fidelity of the coding
region was verified by sequencing (Micromon, Monash University). The
cDNAs were cloned into the Nmyc-pUAST vector (C. G. Warr, unpub-
lished data) in frame with the initiation codon and three copies of the Myc
tag-coding sequence such that the resulting proteins are N-terminally
Myc tagged. Transgenic flies were generated via microinjection into w1118

embryos using standard procedures for P-element-mediated transforma-
tion. Several independent transgenic lines were generated and analyzed
for each UAS construct.

Generation of the PTP61F� mutant. PCR analysis was used to con-
firm that the {RS5}5-HA-2445 P element was inserted 66 bp upstream of
the start codon of PTP61Fm and PTP61Fn. The P element was excised
using the transposase source �2-3, and 327 stable excision lines were
obtained for analysis. Of these, PTP61F� was confirmed by sequencing to
have a 2,098-bp deletion mutation extending 970 bp upstream and 1,128
bp downstream of the P element insertion site, removing the first exon of
PTP61Fm and PTP61Fn.

Protein extraction and immunoblot analysis. Ten Drosophila heads
or 20 pairs of ovaries were homogenized in lysis buffer (50 mM HEPES
[pH 7.4], 1% [vol/vol] Triton X-100, 1% [vol/vol] sodium deoxycholate,
0.1% [vol/vol] SDS, 150 mM NaCl, 10% [vol/vol] glycerol, 1.5 mM
MgCl2, 1 mM EGTA, 100 mM sodium fluoride, 5 �g/ml aprotinin

FIG 1 Schematic representation of PTP61Fm and PTP61Fn. The two PTP61F variants are identical except for their extreme C termini. The PTP61Fm
hydrophobic C-terminal tail that targets PTP61Fm to membranes, including the ER (35), is shown. Basic residues in the PTP61Fn C terminus shown in bold are
thought to constitute a nuclear localization sequence (NLS) targeting PTP61Fn to the nucleus (35). The PTP catalytic domain and the PXXP motifs that are
present in both variants and allow interaction with SH3 domain-containing proteins are also highlighted.
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[Sigma], 5 �g/ml leupeptin [Invitrogen], 1 �g/ml pepstatin A [Sigma], 1
mM benzamadine, 1 mM NaN3). Samples were incubated on ice for 45
min and clarified by centrifugation (16,000 � g, 15 min, 4°C) and equal
amounts of protein were resolved by SDS-PAGE and transferred onto
Immobilon-P (Millipore) for immunoblotting with the following anti-
bodies: 1:1,000 anti-phosphorylated IR� Y1162/Y1163 (Biosource),
1:4,000 anti-phosphorylated STAT92E Y704 serum (rabbit polyclonal
raised to the peptide CVLDPVTG(pY)VKST), 1:1,000 anti-c-Myc
(Sigma), and 1:7,000 antiactin (Neomarkers). Immunoblots were devel-
oped using enhanced chemiluminescence (Amersham) and medical X-
ray film (AGFA).

Immunostaining. Dissected tissue was fixed in 4% paraformaldehyde
(PFA)–phosphate-buffered saline (PBS) for 30 min and washed in PBS-T
(0.3 [vol/vol] Triton X-100 –PBS) before being placed in 1% (wt/vol)
bovine serum albumin [BSA]–PBS to block nonspecific binding. Primary
antibodies were diluted in 1% (wt/vol) BSA–PBS to the following concen-
trations before overnight incubation at 4°C: anti-elav (DSHB), 1:50; anti-
cleaved caspase-3 (Cell Signaling), 1:200; anti-vasa (DSHB), 1:50; anti-
fasIII (DSHB), 1:50. After washing in PBS-T, the sample was incubated
with the secondary antibody (anti-mouse antibody–Alexa Fluor 488 or
anti-rabbit antibody–Alexa Fluor 568) diluted to 1:250 in 1% (wt/vol)
BSA–PBS for 1 h at room temperature. Samples were washed in PBS-T
and mounted in VectaShield mounting medium (Vector Laboratories,
Inc.) and visualized using a Leica DMLB compound microscope or a
Nikon C1 confocal microscope (Monash Microimaging, Monash Univer-
sity). Images were processed using LeicaIM50 imaging software, NIS Ele-
ments (Monash Microimaging, Monash University), or Image J.

BrdU staining. Tissue was incubated with 500 �g/ml of BrdU (Sigma)
for 60 min at 25°C while shaking, followed by washing with PBS to remove
excess BrdU, and then fixed in 4% (wt/vol) PFA–PBS for 1 h at room
temperature while shaking. Samples were washed three times quickly in
PBS-T followed by 2 10-min washes in PBS and subjected to DNase treat-
ment (85% PBS, 10% DNase buffer [Promega], 5% DNase I [1 U/1 �l
stock; Promega]) at 37°C for 1.5 h while shaking. Samples were blocked in
1% (wt/vol) BSA–PBS for 1 h at room temperature. Following blocking,
the samples were incubated with the primary antibody (1:50 mouse anti-
BrdU [BD Biosciences] diluted in PBS–1% [wt/vol] BSA) overnight at 4°C
while shaking followed by 3 20-min washes in PBS-T and then incubated
overnight with the secondary antibody (1:250 anti-mouse antibody–Al-
exa Fluor 488 [Molecular Probes] diluted in 1% [wt/vol] BSA–PBS). Sam-
ples were washed with PBS-T and visualized using a Leica DMLB com-
pound microscope. Images were processed using LeicaIM50 imaging
software.

TUNEL staining. Egg lays from PTP61F� homozygous and heterozy-
gous flies were performed over 4 h to control density of progeny. Forty-
four virgin female PTP61F� homozygous and heterozygous Drosophila
flies were collected and were mated in separate vials to w1118 males (11
females/vial). Ovaries were dissected and subjected to terminal deoxy-
nucleotidyltransferase-mediated dUTP-biotin nick end labeling
(TUNEL) staining using an in situ cell detection kit, TMR Red
(Roche), as per the manufacturer’s protocol. Ovaries were visualized
using a Leica DMLB compound microscope and processed using Leica
IM50 imaging software.

Reverse transcriptase PCR. mRNA was extracted from 10 adult Dro-
sophila flies, and reverse transcriptase (RT) reactions were performed with
Superscript III (Invitrogen) as per the manufacturer’s instructions. PCR
was performed using primers complementary to a 300-bp cDNA region
(genomic DNA [gDNA]; 4,200 bp) within the first and second exons of
PTP61Fm and PTP61Fn (forward primer, 5=-GTCCAGCTCTAGTTCTC
CTC-3=; reverse primer, 5=-ACATCCCGATAGCGATTCAG-3=). The
primers used for the positive control for the cDNA preparation were for
the Synaptotagmin gene (forward primer, 5=-CGGATCCCTATGTCAAG
GTG-3=; reverse primer, 5=-TCTGGTCGTGCTTCGAGAAG-3=). These
primers also flanked an intron to distinguish between the presence of
cDNA (200-bp product) and gDNA (300-bp product).

Light and scanning electron microscopy. Drosophila flies were col-
lected 3 to 5 days posteclosion. Light microscopy was performed at a
magnification of �110 on an Olympus XZS16 dissecting microscope, and
images were processed using Leica IM50 imaging software. To prepare
samples for scanning electron microscopy, 10 adult flies per sample were
fixed overnight in 5% gluteraldehyde-Superfix (with 0.025� volume de-
tergent) solution at 4°C. The samples were washed 3 times for 10 min in
0.1 M sodium phosphate buffer and then postfixed in 1% osmium tetrox-
ide in 0.1 M sodium phosphate buffer for 1 h. Samples were washed 3
times for 7 min in 0.1 M sodium phosphate buffer and were incubated
overnight at 4°C in the final wash. Samples were dehydrated with increas-
ing concentrations of ethanol (EtOH) at room temperature: 50% (vol/
vol) EtOH for 10 min, 70% (vol/vol) EtOH for 10 min, 90% (vol/vol)
EtOH for 10 min, 100% (vol/vol) EtOH for 30 min (twice), and absolute
dry EtOH for 30 min (twice). Samples were then dried in hexamethyld-
isilazane (HMDS) at room temperature in the following ratios: 1 part
HMDS with 2 parts dry ethanol for 5 min, 2 parts HMDS and 1 part dry
ethanol for 5 min, and straight HMDS for 5 min. The dried samples were
mounted onto stainless steel stubs on double-sided tape and gold plated in
a Polaron Sputter coater in an argon atmosphere. Scanning electron mi-
croscopy was performed on a Hitachi S570 scanning electron microscope
at 15 kV and magnification of �110 (Monash MicroImaging, Monash
University). Images were captured using Spectrum NT software.

Wing growth experiments. Wing centroid size was calculated using
IMP Morphogenetic software (provided by Monash University and gen-
erated by F. J. Rohlf, http://www.canisius.edu/�sheets/morphsoft.html).
Wing growth experiments using dpp-Gal4 were performed as described in
reference 43. For determination of wing cell size and number, dissected
wings were placed in PBS-T in an Eppendorf tube for 90 min and
mounted on a microscope slide in a solution of 80% (vol/vol) glycerol–
PBS under a coverslip. Images were captured using an Olympus BX51
compound microscope using OlyVIA software and Olympus VS-ASW
virtual slide system software (Monash Microimaging, Monash Univer-
sity). Determination of wing cell size and cell number was performed
using Image J Software. Statistical analysis was performed using the two-
tailed Student t test.

Longevity assays. Drosophila stocks used in the life span experiments
were maintained at 25°C for 2 generations. Fifteen females and 10 males
were mated in bottles at 25°C for 24 h to generate the progeny with the
genotypes required for the life span analysis. Progeny were collected
within 24 h of eclosion. For each genotype, 3 to 5 vials containing 10
females and 10 males were set up for life span analysis and were main-
tained at 25°C throughout the experiment. Flies were tipped into fresh
vials every 2 to 3 days, and the number and sex of dead flies were deter-
mined. Data were analyzed using GraphPad Prism 5 Software, and statis-
tical analysis was performed using the log rank test (df � 1).

Fecundity assays. Single-pair matings were performed between virgin
female and male Drosophila flies between 2 and 5 days old (n � 10 per
genotype). Flies were stored in the dark at 25°C for 2 days to acclimatize.
Following this, the number of eggs laid per female fly was determined
every 24 h for 5 days. Statistical analysis was performed using a two-tailed
Student t test.

RESULTS
Regulation of insulin receptor signaling by PTP61Fm and
PTP61Fn. Previously we have reported that the Drosophila IR can
serve as a substrate for PTP61F in vitro and that the ER-targeted
form of PTP61F can attenuate IR signaling in the developing Dro-
sophila eye (38). Overexpression of the IR during Drosophila eye
development causes pronounced overgrowth associated with sig-
nificantly increased cellular proliferation and hypertrophy (44).
As a first step toward assessing the biological roles of the nucleus-
versus ER-targeted forms of PTP61F, we compared their capacity
to suppress IR signaling in the developing Drosophila eye (Fig.
2A). We generated transgenic flies carrying the PTP61Fm versus
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FIG 2 Differential regulation of IR signaling by PTP61Fm and PTP61Fn. (A) Scanning electron micrographs of a control Drosophila eye (GMR-Gal4/�) and
those overexpressing IR alone using GMR-Gal4 (GMR�IR) and either N-terminal myc-tagged PTP61Fm (GMR�PTP61Fm) or PTP61Fn (GMR�PTP61Fn)
alone using GMR-Gal4 or IR and either N-terminal myc-tagged PTP61Fm (GMR�IR�PTP61Fm) or PTP61Fn (GMR�IR�PTP61Fn) using GMR-Gal4.
PTP61Fm attenuates and PTP61Fn almost completely suppresses the eye overgrowth induced by IR overexpression. Results shown are representative of two
independent experiments (n � 4 or 5 per genotype). (B) The UAS-myc-PTP61Fm transgene is expressed at a higher level than UAS-myc-PTP61Fn. Protein
extracts from the heads of GMR�PTP61Fm or GMR�PTP61Fn flies were resolved by SDS-PAGE and immunoblotted with anti-myc and antiactin. Results
shown are representative of two independent experiments. (C) PTP61Fn suppresses IR phosphorylation level to that seen in controls. Protein extracts from the
heads of GMR�IR or GMR�IR�PTP61Fn flies or from UAS-IR�PTP61Fn control flies were resolved by SDS-PAGE and immunoblotted with antibodies to the
Y1553/Y1554 phosphorylated IR (p-IR) and actin. (D) PTP61Fm does not by itself suppress IR phosphorylation but does so in combination with Dock. Protein
extracts from the heads of GMR�IR or GMR�IR�PTP61Fm flies or those overexpressing IR plus PTP61Fm and Dock (GMR�IR�PTP61Fm�Dock), or Dock
alone (GMR�Dock) or from UAS-IR�PTP61Fn�Dock control flies were resolved by SDS-PAGE and immunoblotted with antibodies to the Y1553/Y1554
phosphorylated IR (p-IR) and actin. (E) Scanning electron micrographs show that compared to a control eye (GMR-Gal4/�), overexpression of the catalytic
subunit of PI3K (dp110) using GMR-Gal4 (GMR�p110) results in significant eye overgrowth and this is not suppressed by coexpression of PTP61Fn
(GMR�p110�PTP61Fn). Results shown are representative of two independent experiments (n � 4 or 5 per genotype).
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PTP61Fn coding sequences under the control of the UAS regula-
tory sequence and tagged at the N terminus with a myc epitope
tag, and we induced expression in the developing eye with GMR-
Gal4. Although the transgene expression of PTP61Fm was greater
than of that PTP61Fn (Fig. 2B), we found that PTP61Fn (but not
PTP61Fm) overexpression alone caused a disrupted bristle pat-
tern and mild rough-eye phenotype (Fig. 2A), consistent with the
two variants having the capacity to exert differential effects in vivo.
IR overexpression using GMR-Gal4 resulted in severe eye over-
growth, with substantial outgrowth and disorganization, as re-
flected by loss of ommatidial structure and bristle pattern (Fig.
2A). As reported previously (38), PTP61Fm coexpression attenu-
ated, but did not prevent, the IR-mediated eye overgrowth (Fig.
2A). Strikingly, coexpression of the nucleus-targeted PTP61Fn
prevented the overgrowth, with any remaining eye roughness be-
ing comparable to that seen with PTP61Fn expression alone (Fig.
2A). These results provide evidence for the nucleus- and ER-tar-
geted PTP61F variants exerting differential effects on IR signaling
in vivo.

Since PTP61Fn is targeted to the nucleus, we asked whether
PTP61Fn might exert its effects at the level of the IR, as reported
for its mammalian counterpart, TC45, which can exit the nucleus
in response to insulin to dephosphorylate the IR (31, 32), or oth-
erwise whether PTP61Fn might act downstream of the IR on a
nuclear substrate to attenuate the eye overgrowth. We have re-
ported previously that PTP61F can dephosphorylate the Drosoph-
ila IR Y1553/Y1554 activation loop tandem phosphorylation site
that is required for IR activation (38). Accordingly, we assessed the
status of IR Y1553/Y1554 phosphorylation in Drosophila eye ho-
mogenates from GMR-Gal4; UAS-IR transgenic flies with and
without PTP61F coexpression; we compared the effects of
PTP61Fm and PTP61Fn on IR phosphorylation. Consistent with
the prevention of IR-driven eye overgrowth, we found that
PTP61Fn suppressed IR phosphorylation to the level seen in con-
trols (Fig. 2C). In contrast, PTP61Fm expression had no overt
effect on IR phosphorylation (Fig. 2D), in keeping with the mod-
est effects on eye overgrowth (Fig. 2A). Previously, we have re-
ported that the adaptor protein Dock associates with PTP61Fm
and recruits PTP61Fm to the IR and that this is required for effec-
tive IR dephosphorylation in vitro and for the attenuation of IR-
mediated eye overgrowth in vivo (38). Consistent with this, we
found that the coexpression of PTP61Fm with Dock allowed for
the effective suppression of IR phosphorylation (Fig. 2D). These
results suggest that both PTP61F variants can dephosphorylate the
IR in vivo, albeit in a distinct manner, with PTP61Fm but not
PTP61Fn being reliant on Dock.

To exclude PTP61Fn also acting downstream of the IR to sup-
press IR-driven eye overgrowth, we next asked if PTP61Fn could
suppress the eye overgrowth that is induced by overexpressed
phosphatidylinositol 3-kinase (PI3K). PI3K is activated down-
stream of IR and IRS-1/2/3/4 (Chico in flies) at the plasma mem-
brane and mediates many of the metabolic and mitogenic effects
of IR signaling (45, 46). GMR-Gal4-driven expression of the wild-
type catalytic subunit of PI3K (UAS-dp110) induced a significant
eye overgrowth phenotype (Fig. 2E), although not as severe as
that induced by IR overexpression. However, PTP61Fn coex-
pression had no overt effect on the rough eye phenotype me-
diated by dp110 (Fig. 2E). These results are consistent with
PTP61Fn exerting its effects upstream of PI3K at the level of the

IR, as has been shown for its mammalian counterpart, TC45,
which dephosphorylates the IR at the plasma membrane (31).

Regulation of growth by PTP61Fm and PTP61Fn. The IR and
the pathways it controls play an important role in organismal
growth in both mammals and flies (47–49). In flies, mutations in
genes encoding negative regulators such as phosphatase and ten-
sin homologue (PTEN) and tuberous sclerosis 1/2 (Tsc1/2) en-
hance IR signaling and promote overgrowth (43, 50–53), whereas
suppressing IR signaling by inactivating positive components of
IR signaling using loss-of-function mutations (e.g., chico, dp110,
or dAkt) (45, 46), expression of dominant negatives (e.g., domi-
nant negative dp110) (51), or the overexpression of negative reg-
ulators such as PTEN, Tsc1/2, or Susi (43, 50, 52, 54) decreases cell
size and cell number and overall tissue and organism size. To
examine whether the nucleus- and ER-targeted PTP61F variants
could affect tissue growth, we overexpressed PTP61Fm versus
PTP61Fn in the Drosophila wing using dpp-Gal4, which drives
expression in the wing imaginal disc between the developing third
and fourth longitudinal wing veins (Fig. 3A) (43). This approach
has been used previously to characterize the effects of dp110 and
dPTEN on growth (43, 51). Overexpression of PTP61Fn with dpp-
Gal4 was sufficient to significantly reduce growth to approxi-
mately 70% of that in controls (Fig. 3B). However, overexpression
of PTP61Fm had no significant effect, despite being expressed at
higher levels than PTP61Fn (Fig. 2B). PTP61Fm had no effect
even when the transgene copy number was increased to two (Fig.
3B). The decrease in growth caused by PTP61Fn overexpression
was attributable to a decrease both in cell size and in cell number
(Table 1). Thus, these results are consistent with the nucleus-tar-
geted PTP61Fn playing an important role in growth, in line with
the regulation of IR signaling.

We then asked whether the decreased growth accompanying
PTP61Fn overexpression was due to decreased cellular prolifera-
tion or to increased apoptosis and/or whether PTP61Fn overex-
pression affected cellular differentiation. To this end, PTP61Fn
was overexpressed in the third-instar larval eye-antennal imaginal
disc using ey-Gal4 (55). BrdU labeling of PTP61Fn-overexpress-
ing imaginal discs demonstrated a clear reduction in cellular pro-
liferation compared to controls (Fig. 3C). Cellular differentiation
and apoptosis were examined using the neuronal marker anti-elav
(50) and the apoptotic cell marker anti-cleaved-caspase-3 (56),
respectively. No significant differences in cellular differentiation
or apoptosis due to PTP61Fn overexpression were observed (Fig.
3C). Therefore, these results indicate that PTP61Fn suppresses
wing growth by attenuating cellular proliferation.

Normal growth but altered life span and female fecundity in
PTP61F� mutant flies. To further delineate the roles of the nu-
cleus- and ER-targeted forms of PTP61F in vivo, we generated a
loss-of-function mutant with the ultimate aim of performing res-
cue experiments with the PTP61F variants. We used imprecise
P-element excision to generate a deletion mutation, PTP61F�,
lacking the expression of PTP61Fm and PTP61Fn. The P element
in the {RS5}5-HA-2445 strain, which is inserted 66 bp upstream of
the start codon utilized by PTP61Fm and PTP61Fn, was excised,
and a 2,098-bp deletion mutation was recovered. PCR and se-
quencing showed that the deletion extended 970 bp upstream
from the insertion site and 1,128 bp downstream and removed the
first exon utilized by PTP61Fm and PTP61Fn (see Fig. S1A in the
supplemental material); this deletion included the promoter and
start codon of PTP61Fm and PTP61Fn. RT-PCR confirmed the
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deletion and lack of expression of PTP61Fm and PTP61Fn in
the homozygous PTP61F� mutants, although PTP61Fm and
PTP61Fn expression was readily detected in w1118 control flies and
in flies in which a precise excision of the P element had occurred
(see Fig. S1B and C in the supplemental material). Despite the
overt effects of PTP61Fn overexpression on wing size, we found
that homozygous PTP61F� flies were viable and of normal size, as
measured by wing centroid size (see Fig. S2 in the supplemental
material).

Given the capacity of PTP61F to regulate IR signaling, we asked
whether other known life history traits controlled by IR signaling
might be altered in PTP61F� flies. Decreased IR signaling has been
linked with increased longevity in flies (57–61), thus raising the
possibility that heightened IR signaling in PTP61F� mutants con-
versely decreases longevity. Accordingly, we assessed the life span
of PTP61F� mutant flies. We found that PTP61F� female flies
exhibited a significant reduction in life span as assessed by com-
paring survival curves using the log rank test (P 	 0.001) (Fig. 4);
similar results were seen in males (data not shown). The decrease
in life span mapped to the PTP61F region as it was also observed in
transheterozygotes for the PTP61F� allele and a genomic defi-
ciency uncovering PTP61F (see Fig. S3 in the supplemental mate-
rial; data not shown).

Since altered IR signaling has also been linked with the regula-
tion of reproduction and fertility (57, 58, 61, 62), we next assessed
PTP61F� fertility. Although no defect in male fertility was ob-
served, female fecundity (number of eggs laid per fly per day) was
significantly reduced in PTP61F� flies (Fig. 5A). To define the

TABLE 1 Overexpression of PTP61Fn decreases cell size and number in
the adult winga

Characteristic

Value for:

P value
Control (dpp-
Gal4/�) flies

dpp�PTP61Fn
mutant flies

No. of wings 4 5
Area 1 (105 �m2) 3.18 
 0.05 2.29 
 0.05
Area 2 (105 �m2) 3.32 
 0.05 3.41 
 0.02
Area ratio (area 1/area 2) 0.96 
 0.02 0.67 
 0.015
Percent difference in area

ratio versus controlb
0 
 1 �30.2 
 0.75

Cell density of area 1
(10�3 cells/�m2)c

5.6 
 0.3 6.9 
 0.2

No. of cells in area 1d 1778 
 83 1566 
 44 0.047
Cell area in area 1 (�m2)e 180 
 10 146 
 3 0.01
Cell density of area 2

(10�3 cells/�m2)c

5.5 
 0.2 5.9 
 0.1

No. of cells in area 2d 1826 
 42 2015 
 52 0.085
Cell area in area 2 (�m2)e 182 
 6 170 
 4 0.11
a PTP61Fn was overexpressed in a segment of the wing using dpp-Gal4 (area 1), and the
effect on cell size and cell number compared to a control region (area 2) was analyzed.
Overexpression of PTP61Fn (dpp�PTP61Fn) caused a 30% reduction in growth within
area 1 compared to control due to a reduction in both cell size and cell number. No
significant difference was observed in cell size or number in area 2 between genotypes.
Results shown are means 
 standard errors of the means (SEM).
b Generated by comparing the experimental area ratio with the control area ratio.
c Determined by counting the wing hairs (each representing a single cell) in a 200- by
100-�m rectangle. For area 1, the rectangle was located near the wing margin with the
long edge of the rectangle parallel to LIII. For area 2, the rectangle was parallel to LIV
near the wing margin.
d Generated by multiplying the size of the area with the cell density of the area.
e Reciprocal of cell density.

FIG 3 PTP61Fn is a negative regulator of growth and cellular proliferation.
(A) The dpp-Gal4 driver was used to overexpress PTP61Fm versus PTP61Fn in
the region of the Drosophila wing between longitudinal wing veins LIII and LIV
bordered by the posterior cross vein and wing margin (area 1, yellow highlight-
ing). The effect on growth was assessed by comparing the area of this region to
the area of a region within the same wing where the dpp-Gal4 driver was not
expressed, between wing veins LIV and LV (area 2, red highlighting). (B)
Overexpression of PTP61Fn in the Drosophila wing significantly reduced
growth (P � 0.02) compared to control (dpp-Gal4/�); however, overexpres-
sion of 1 or 2 copies of PTP61Fm had no significant effect. Results are means 

standard errors of the means (SEM) for n � 6 per genotype. (C) Immunostain-
ing of Drosophila third-instar larval eye imaginal discs overexpressing
PTP61Fn under ey-Gal4 and control flies (ey-Gal4/�), showing that PTP61Fn
overexpression reduces cell proliferation as assessed by BrDu incorporation,
without affecting cell differentiation (anti-elav) or apoptosis (anti-cleaved
caspase-3 [cl.casp-3]).

Buszard et al.

1350 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


nature of the decrease in PTP61F� female fecundity, we examined
the ovaries for defects in egg chamber development. Ovarian so-
matic and germ line cells were visualized using the markers fasci-
clin III and vasa, respectively (63–66). The number and morphol-
ogy of somatic cells surrounding the developing egg chambers in
PTP61F� mutant ovaries appeared to be similar to those of w1118

control flies (data not shown). However, compared with ovaries
from the w1118 control strain, PTP61F� ovaries lacked late-stage
egg chambers, particularly those at stage 10 or later, and had an
accumulation of germ line stem cells and/or early-stage egg cham-
bers (Fig. 5B). In addition, ovaries from PTP61F� females showed
an approximate 8-fold increase in the number of apoptotic pre-
stage 10 egg chambers (as assessed by TUNEL staining) compared
to PTP61F� heterozygotes (Fig. 5C). These results indicate that
PTP61F deficiency increases pre-stage 10 egg chamber apoptosis,
resulting in a lack of mature oocytes and a consequent reduction
in female fecundity. Taken together, these results show that
PTP61F� mutant flies exhibit a phenotype consistent with height-
ened IR signaling.

Regulation of life span and female fecundity by PTP61Fm
and PTP61Fn. Having established that PTP61F deficiency de-
creases life span and fecundity, we next determined the roles of the
nucleus- and ER-targeted forms of PTP61F in these specific traits.
First, we confirmed that the decrease in PTP61F� life span was due
to loss of PTP61F by performing rescue experiments. We initially
attempted the rescue experiments using the constitutive driver
actin-Gal4 to drive expression of PTP61Fm and/or PTP61Fn;
however, while overexpressing PTP61Fm using actin-Gal4 gave
viable flies, overexpressing PTP61Fn with actin-Gal4 resulted in
lethality (data not shown). We thus used the weaker constitutive
driver arm-Gal4 for experiments involving PTP61Fn, as driving

FIG 4 PTP61F� mutant flies have a decreased life span. The life span of
PTP61F� (arm-Gal4/�; PTP61F�) female flies is significantly reduced com-
pared to that of w1118 female controls (P 	 0.0001). Constitutive overexpres-
sion of PTP61Fm and PTP61Fn in the PTP61F� background using arm-Gal4
(arm�PTP61Fm�n; PTP61F�) is sufficient to rescue the life span defect of
PTP61F� mutants; however, overexpression of PTP61Fn alone using arm-
Gal4 (arm�PTP61Fn; PTP61F�) does not rescue the life span defect. n � 30 to
50. Statistical analysis was performed using the log rank test.

FIG 5 PTP61F� mutant flies have reduced female fecundity due to increased
apoptosis in developing egg chambers. (A) Fecundity assays were performed
using single-pair matings of females of the indicated genotype. Fecundity as-
says separated by dashed lines were performed independently of each other.
PTP61F� females have significantly decreased fecundity compared to w1118

female controls (P � 9 � 10�5). When overexpressed together using arm-
Gal4, PTP61Fm and PTP61Fn (arm�PTP61Fm�n) significantly rescued the
fecundity defect of the PTP61F� mutant. PTP61Fm�n restored fecundity to a
level not significantly different from that of control PTP61F� heterozygotes
overexpressing PTP61Fm�n (P � 0.07). Overexpression of PTP61Fm or
PTP61Fn individually in the PTP61F� mutant background resulted in only a
partial rescue of fecundity, which was statistically different from what was
observed in controls overexpressing the PTPs in the heterozygote background.
Results are means 
 standard errors of the means (SEM) for n � 8 to 10. **, P
	 0.01; ***, P 	 0.001. (B) Ovaries from w1118 and PTP61F� females were
visualized under bright field and also immunostained with anti-vasa antibod-
ies to identify germ line cells in the ovary. Ovaries from PTP61F� mutant
females lack later-stage egg chambers (post-stage 10) compared to controls.
Results shown are representative of 3 experiments. (C) TUNEL staining of egg
chambers (magnification, �100) from PTP61F� homozygous and heterozy-
gous female ovaries demonstrated that in the PTP61F� mutants there was an
approximate 8-fold increase in the number of apoptotic pre-stage 10 egg
chambers compared to PTP61F� heterozygotes. Results are means 
 SEM for
n � 8. **, P 	 0.01.
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PTP61Fn with arm-Gal4 gave viable flies. Expression of both
PTP61Fm and PTP61Fn using arm-Gal4 in the PTP61F� back-
ground restored life span to levels in controls (as assessed by com-
paring survival curves using the log rank test) (P � 0.89) (Fig. 4;
male life span data not shown), confirming that the decrease in
PTP61F� flies’ life span was indeed due to loss of PTP61F. Next,
we determined the roles of the individual PTP61F isoforms. Al-
though the combined expression of PTP61Fm and PTP61Fn res-
cued the decreased longevity evident in the PTP61F� flies, this was
not the case when the PTP61F variants were expressed individu-
ally. Overexpression of PTP61Fn alone did not increase life span
to control levels (P � 0.001), and the life span of these flies was not
significantly different from that of PTP61F� flies (P � 0.354) (Fig.
4; male life span data not shown). PTP61Fm overexpression with
the stronger actin-Gal4 driver also did not increase life span (data
not shown). Hence, these results argue for both PTP61Fm and
PTP61Fn being required for the maintenance of life span.

Next, we assessed the individual effects of PTP61Fm and
PTP61Fn on female fecundity. As for life span, we confirmed
that the decrease in female fecundity in PTP61F� could be
largely rescued by the expression of both PTP61Fm and PTP61Fn
using arm-Gal4, with no statistical difference evident between arm-
Gal4; UAS-PTP61Fm�n; PTP61F�/� and arm-Gal4; UAS-
PTP61Fm�n; PTP61F� flies (Fig. 5A). Furthermore, as for life span,
we found that both variants were required for the rescue of female
fecundity, with the expression of either PTP61Fm or PTP61Fn alone
using arm-Gal4 resulting only in a partial rescue (Fig. 5A). Taken
together, these results point toward a lack of functional redundancy
between the PTP61F variants in distinct biological processes.

The role of IR and STAT92E signaling in the PTP61F� female
fecundity defect. The PTP61F� female fecundity phenotype
could be the result of deregulated IR signaling, since insulin-like
peptides and the IR have been implicated in the regulation of germ
line stem cell division, cyst development, and progression through
oogenesis (62). However, in addition to regulating IR signaling,
previous studies have established the capacity of PTP61F (39, 40)
and its mammalian counterparts, PTP1B and TCPTP, to regulate
JAK/STAT signaling (6, 8). The JAK/STAT pathway in flies (Hop/
STAT92E [67, 68]) is involved in the regulation of germ line and
stem cell number through interactions with dpp signaling, and
increases in JAK/STAT signaling promote germ line tumors (69,
70). Therefore, to explore the molecular basis for the fecundity
defect in PTP61F� female flies, we first assessed the activation
status of these pathways in ovaries using antibodies to the Y1553/
Y1554 phosphorylated IR and the Y711 phosphorylated
STAT92E. Ovaries from control (w1118) and heterozygous versus
homozygous PTP61F� flies were processed for immunoblot anal-
ysis. We found striking increases in IR and STAT92E phosphory-
lation in homozygous mutant ovaries, consistent with the IR and
STAT92E serving as substrates for PTP61F (Fig. 6A). Interest-
ingly, STAT92E but not IR phosphorylation was increased in the
ovaries of flies that were heterozygous for PTP61F� (Fig. 6A),
highlighting the sensitivity of the Hop/STAT92E pathway to
PTP61F deficiency.

Next, we investigated the relative contributions of the height-
ened IR versus STAT92E signaling to the fecundity defect in
PTP61F� female flies. To investigate the contributions of IR acti-
vation to the fecundity defect, we suppressed IR signaling in ho-
mozygous PTP61F� mutants by overexpressing a dominant neg-
ative form of PI3K (dp110DN) (51) with arm-Gal4. Although

dp110DN effectively suppressed IR-driven eye overgrowth when
expressed using the GMR-Gal4 driver (see Fig. S4 in the supple-
mental material), it did not improve fecundity (number of eggs
laid per fly per day) in PTP61F� flies (Fig. 6B). Therefore, these
results point to PI3K-independent or alternate pathways contrib-
uting to the fecundity defect in PTP61F� mutants. To determine
whether the heightened STAT92E phosphorylation might con-
tribute to the fecundity defect, we suppressed the Hop/STAT92E
pathway by knocking down the expression of STAT92E by RNA
interference. The arm-Gal4 driver was used to express a UAS-
STAT92E RNAi construct in the PTP61F� background. We found
that suppression of STAT92E in the PTP61F� mutant back-
ground resulted in a significant, albeit partial rescue of fecundity
(Fig. 6C). Therefore, these results argue for heightened STAT92E
signaling being at least an important contributing factor to the
fecundity defect associated with PTP61F-deficiency.

DISCUSSION

There have been numerous studies highlighting the exquisite
specificity of even closely related phosphatases, such as PTP1B and
TCPTP or SHP-1 and SHP-2, in varied cellular and biological
contexts (reviewed in reference 1). In particular, early studies us-

FIG 6 Heightened STAT92E signaling contributes to the female fecundity
defect in PTP61F� mutant flies. (A) Protein extracts from ovarian tissue were
immunoblotted with antibodies against the phosphorylated and activated
forms of STAT (p-STAT92E) and the IR (p-IR). p-IR is increased in the ovaries
of PTP61F� homozygous mutants. p-STAT92E is increased in both PTP61F�
homozygotes and heterozygotes. Results shown are representative of at least 2
or 3 independent experiments. (B and C) Fecundity assays were performed
using single-pair matings of females of the indicated genotype with w1118

males. Results are means 
 SEM; n � 8 to 10. **, P 	 0.01. (B) Reducing PI3K
signaling in the PTP61F� mutant background by overexpressing dominant
negative dp110 (dp110DN) using the arm-Gal4 driver did not restore fecun-
dity (P � 0.36). Control, arm�dp110DN; PTP61F�/�. (C) Suppression of
STAT92E in the PTP61F� homozygous background using in vivo RNAi
(STATRNAi) resulted in a partial rescue of fecundity. Control,
arm�STATRNAi; PTP61F�/�.
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ing chimeric PTP1B/TCPTP or SHP-1/SHP-2 proteins (33, 71)
established the importance of inherent catalytic domain specific-
ity to PTP function. Here, we have taken advantage of the Dro-
sophila PTP61F nucleus- and ER-targeted variants that are iden-
tical in all but their extreme C termini to reinforce the importance
of subcellular localization and protein-protein interactions to
PTP function in vivo. In addition, we have defined PTP61F’s role
in life span and fecundity and the regulation of IR and STAT92E
signaling.

Using tissue-specific overexpression approaches, we have
shown that the nucleus- and ER-targeted PTP61F variants have
differential effects on IR signaling. Despite its nuclear locale,
PTP61Fn was considerably more effective than the ER-localized
PTP61Fm in reversing the eye overgrowth associated with IR
overexpression. In keeping with the effect on eye overgrowth, we
found that PTP61Fn, but not PTP61Fm, could attenuate IR
Y1553/Y1554 phosphorylation (as measured in eye homoge-
nates). As for the IR-induced eye overgrowth, we found that
PTP61Fn was also more effective in suppressing Drosophila wing
growth. Although overexpression of PTP61Fm had no overt effect
on wing growth, PTP61Fn caused a 30% reduction due to de-
creases in both cell size and number. This is similar to findings for
another negative regulator of insulin signaling, PTEN; overex-
pression of PTEN in the Drosophila wing causes a 25% reduction
in wing growth (43). The effects of PTEN on wing growth have
been attributed to the attenuation of IR-induced PI3K signaling
(43). Although we cannot exclude PTP61Fn acting on other path-
ways to attenuate wing growth, the parallels with PTEN suggest
that the actions of PTP61Fn on growth control might also be me-
diated via the attenuation of IR signaling.

The stark difference in PTP61Fn- versus PTP61Fm-mediated
IR dephosphorylation (despite PTP61Fm being overexpressed at
higher levels than PTP61Fn in our transgenic flies) was surprising
given that the mammalian ER-targeted PTP1B is more prominent
in IR regulation in insulin-responsive tissues in mice than the
PTP61Fn orthologue TC45 (7, 17, 18, 27, 72–74). One possibility
is that the IR is more accessible to the PTP61Fn variant, which
presumably exits the nucleus like TC45 (14, 31, 32) to dephos-
phorylate the IR. Although we have not directly assessed PTP61Fn
localization in response to insulin stimulation, our results are en-
tirely consistent with PTP61Fn acting upstream of PI3K at the
level of the IR, since PTP61Fn did not attenuate the eye over-
growth induced by overexpressed PI3K but did attenuate IR
Y1553/Y1554 phosphorylation. On the other hand, the ER-tar-
geted PTP61Fm may access the IR after endocytosis or at cell-cell
adhesions as reported for PTP1B and its actions on receptor PTKs
such as ErbB1 (20–22, 24, 75). Another, but not mutually exclu-
sive, possibility is that the ER-targeted PTP61Fm requires an as-
sociated protein to efficiently dephosphorylate the IR, and this
may be limited in the context of dPTP61F overexpression in the
eye. Previously we have reported that the Drosophila adaptor pro-
tein Dock forms a stable complex with both the IR and PTP61Fm
and that Dock enhances the PTP61Fm-mediated suppression of
IR-mediated eye hypertrophy (38). In this study, we have shown
that although PTP61Fm on its own does not attenuate IR signaling
(as assessed in the Drosophila eye homogenates), coexpression
with Dock allows for almost complete suppression of IR Y1553/
Y1554 phosphorylation. Therefore, PTP61Fm but not PTP61Fn is
reliant on Dock to dephosphorylate the IR in vivo, consistent with
IR accessibility differing between the PTP61F variants and the

ER-targeted PTP61F having a more restricted access to the IR.
This may also be pertinent to IR regulation and glucose homeo-
stasis in mammals. PTP1B can interact with the Dock homolog
Nck-1 to attenuate insulin signaling in HEK293 cells (38). More-
over, Nck-1 knockdown enhances IRS-1 tyrosine phosphoryla-
tion in HepG2 cells (76), whereas Nck-1 deficiency in obese mice
fed a high-fat diet improves glucose tolerance and insulin sensi-
tivity (76). However, it remains to be established if Nck-1 is re-
quired for PTP1B-mediated IR regulation in vivo.

To further explore the role of PTP61F in vivo, we generated
PTP61F mutant flies that lacked both PTP61Fm and PTP61Fn.
Although we found that PTP61F overexpression attenuated wing
growth and IR-induced eye hypertrophy, no overt difference in
growth was evident in PTP61F� flies. In contrast, flies homozy-
gous for a hypomorphic PTEN allele (77) or for a loss-of-function
mutation in susi, a negative regulator of PI3K signaling that binds
to the PI3K regulatory subunit (54), exhibit a 50% or 27% in-
crease, respectively, in body weight. Although PTP61Fm and
PTP61Fn are the only characterized isoforms of PTP61F, three
additional transcripts have been predicted based on genomic data
(Flybase). Of these, PTP61F-RD and PTP61F-RE would encode
ER-targeted N-terminally truncated proteins lacking PTP cata-
lytic domain elements essential for proper folding and activity. In
keeping with this, our preliminary studies have confirmed that the
PTP domain encoded by PTP61F-RD is catalytically inactive (un-
published observations). The third potential transcript, PTP61F-
RC, would produce catalytically active protein that would be nu-
cleus targeted and differ from PTP61Fn only in its extreme N
terminus as a result of alternate exon usage. The P-element exci-
sion event resulting in the generation of the PTP61F� flies did not
disrupt the exon encoding this distinct PTP61F N terminus (our
unpublished data), which is �70 kb upstream, or any of the pre-
dicted exons common to all transcripts (see Fig. S2A in the sup-
plemental material). Therefore, if PTP61F-RC is transcribed, it
might compensate for PTP61Fn deficiency in PTP61F� flies to
ameliorate any effect on growth. However, it is also possible that
other PTPs or other negative regulators compensate for PTP61F
deficiency.

Although we noted no overt effect on growth, PTP61F defi-
ciency resulted in significantly diminished life span and decreased
female fecundity. Importantly, both PTP61Fm and PTP61Fn were
required to rescue the loss of function mutant phenotypes, con-
sistent with the ER- and nucleus-targeted PTP61F variants acting
together in the control of signaling and biological responses such
that the reconstitution of one variant alone may not be sufficient
to restore signaling to normal levels and correct the phenotype.
This is reminiscent of the capacity of PTP1B and TCPTP to act
cooperatively in the attenuation of signaling emanating from the
IR receptor (14), as well as in the control of JAK/STAT signaling,
both in the context of interleukin-4 stimulation in vitro (78) and
leptin stimulation in vivo (16). In Drosophila, both IR and Hop/
STAT92E signaling have been implicated in the control of female
fertility (58, 61, 62, 69, 70). IR signaling is also a well-established
regulator of Drosophila life span (57–61). In addition, both in-
creased and decreased JNK signaling can affect life span (79–82). It
is not known if PTP61F can regulate JNK in flies, but TCPTP has
been shown to regulate JNK signaling in response to epidermal
growth factor (EGF) stimulation (83) and both PTP1B and
TCPTP regulate SFKs (9–13). In Drosophila, Src has been shown
to increase JNK activation (84–86), raising the possibility that ac-
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tivation of the Src/JNK pathway by PTP61F-deficiency contrib-
utes to the life span defect.

It is important to note that although our studies are consistent
with the PTP61F variants acting in concert in the regulation of
cellular signaling, as reported previously for PTP1B and TCPTP
(1, 7), they do not exclude PTP61Fm and PTP61Fn acting in dif-
ferent signaling pathways and cell types and/or tissues in mediat-
ing their effects on life span and fecundity. During embryogenesis,
PTP61F transcripts are expressed in a tissue-specific manner, with
PTP61Fm in the mesoderm/neuroblast layers during germ band
extension and PTP61Fn in the nervous system (87). Thus, future
studies should directly determine the capacity of the PTP61F vari-
ants to cooperate in a cell type-specific manner in ameliorating the
life span and fecundity defects in PTP61F mutant flies.

The female fecundity defect in PTP61F� flies was due to in-
creased pre-stage 10 egg chamber apoptosis, resulting in a lack of
mature oocytes and a corresponding increase in germ line stem
cells and/or early stage egg chambers. Upregulation of JAK/STAT
signaling in the stem cell niche has been shown to cause ovarian
germ line tumors due to increased stem cell numbers (69, 70).
RNA interference-mediated suppression of STAT92E in the
PTP61F� background resulted in a partial rescue of fecundity, and
elevated STAT92E phosphorylation was evident in PTP61F� het-
erozygote and homozygous mutant ovaries, consistent with de-
regulated Hop/STAT92E signaling contributing to the fecundity
defect. However, the elevated STAT92E phosphorylation in the
PTP61F� heterozygotes in the absence of fecundity defects sug-
gests that this alone is not causing the fecundity defect in homozy-
gotes and that the deregulation of additional pathways may be
occurring. IR signaling has also been shown to contribute to fe-
cundity by affecting vitellogenesis and germ line stem cell division
(58, 61, 62). Although IR activation was increased in homozygous
(but not heterozygous) PTP61F� ovaries, suppression of IR sig-
naling by the overexpression of a dominant negative PI3K did not
improve fecundity. Although this suggests that elevated IR-medi-
ated PI3K signaling is not a key cause of the fecundity defect in
PTP61F� mutant flies, it does not preclude other deregulated IR
pathways contributing to the fecundity defect. Furthermore, it is
possible that an altogether different pathway such as the Src/JNK
pathway discussed earlier may be altered to function together with
STAT92E to cause the defects in fecundity. Even though further
studies are needed to dissect the molecular mechanisms underly-
ing the perturbations in life span and fecundity in PTP61F� flies,
the results are nonetheless consistent with PTP61F deficiency en-
hancing IR and STAT92E signaling and both PTP61Fm and
PTP61Fn acting together in the regulation of biological responses.

The results of this study have for the first time assessed the
impact of PTP61F deficiency on the regulation of fundamental
biological processes and directly compared the contributions of
the differentially targeted PTP61F variants in such processes in
vivo. The findings highlight the complexities of PTK regulation by
PTPs and the capacity of adaptor proteins to contribute to PTP
substrate selectivity and function in a biological context. More-
over, the PTP61F mutant flies generated in this study provide a
tractable biological system by which to further dissect the impor-
tance of both catalytic and noncatalytic domain interactions in
PTP substrate specificity and functions.
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