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The lysine (K)-specific demethylase (LSD1) family of histone demethylases regulates chromatin structure and the transcriptional po-
tential of genes. LSD1 is frequently deregulated in tumors, and depletion of LSD1 family members causes developmental defects. Here,
we report that reductions in the expression of the Pumilio (PUM) translational repressor complex enhanced phenotypes due to dLsd1
depletion in Drosophila. We show that the PUM complex is a target of LSD1 regulation in fly and mammalian cells and that its
expression is inversely correlated with LSD1 levels in human bladder carcinoma. Unexpectedly, we find that PUM posttranscrip-
tionally regulates LSD1 family protein levels in flies and human cells, indicating the existence of feedback loops between the
LSD1 family and the PUM complex. Our results highlight a new posttranscriptional mechanism regulating LSD1 activity and
suggest that the feedback loop between the LSD1 family and the PUM complex may be functionally important during develop-

ment and in human malignancies.

hromatin has a fundamental role in regulating the transcrip-

tional potential of each gene within the genome. The basic
unit of chromatin is the nucleosome, which consists of DNA
wrapped around a histone octamer. Dynamic posttranslational
modifications of histones influence the accessibility of chromatin
and the expression of transcripts (1). Aberrant patterns of chro-
matin modifications are strongly associated with a wide variety of
human diseases, including cancer (2). One such modification, the
methylation of lysine residues on histone tails, is instrumental in
regulating gene transcription and is required for development
and tissue differentiation (3). Histone methylation is dynamically
controlled by the antagonistic activity of histone methyltrans-
ferases and demethylases.

To date, two families of histone lysine demethylases have been
identified, the Jumonji domain-containing (JmjC) protein and the
lysine (K)-specific demethylase 1 (KDM1) protein. The human
KDM1 family of histone demethylases, LSD1 (KDM1A) and LSD2
(KDM1B), catalyze the demethylation of mono- and dimethyl marks
of lysines 4 (K4) and 9 (K9) of histone H3 (4-7). This dual activity
enables LSD1 to regulate both the repression and activation of genes.
When associated with the REST corepressor (coREST) or the Mi-2/
nucleosome remodeling and deacetylase (NuRD) complexes, LSD1
promotes gene silencing by removing activating methyl marks from
H3K4 (8). In contrast, when LSD1 interacts with the androgen or
estrogen receptor, it promotes transcriptional activation by demethy-
lating the repressive H3K9me?2 (dimethylation of histone H3 at K9)
histone modification (2); these findings suggest that LSD1 has a con-
text-dependent effect on transcription.

The KDMI1 family of proteins has important roles during de-
velopment. Mutation of the gene for the sole member of the family
in Drosophila, Lsd1 [dLsd1; also known as Su(var)3-3], results in
tissue-specific phenotypes, including wing defects and germ line
abnormalities (9). dLsd1 mutant flies have an abnormal number
of germ line stem cells and follicle cells due to incorrect differen-
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tiation, resulting in rudimental ovaries and sterility (9-11). In
mammalian cells, both LSD1 and LSD2 (LSD1/2) are required for
cellular differentiation (12-14) and DNA imprinting (15).

Aberrant LSD1 levels have also been identified in a number of
human malignancies ranging from prostate cancer and bladder
carcinoma to acute myeloid leukemia (8). However, very little is
known about how the levels of the LSD1 family are regulated in
vivo and about how changes in the levels of LSD1/2 contribute to
developmental processes and human diseases, such as cancer.

To identify novel modulators of LSD1 activity in vivo, we
screened for modifiers of dLsd1-RNA interference (RNAi) wing
phenotypes in Drosophila. Among the hits of the screen, we found
that RNAi of two components of the Pumilio translation repressor
complex, Pumilio (Pum) and brain tumor (Brat), significantly
enhanced dLsd1-RNAi phenotypes.

The Pumilio posttranscriptional repressor complex in Dro-
sophila is comprised of two RNA-binding proteins, Pum and Na-
nos (Nos), and a trim-like protein, Brat. The Pum complex binds
to a Nanos regulatory element (NRE) (UGUAXAUA) in the 3’
untranslated region (UTR) of its substrates and represses their
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translation (16-18). In mammalian systems, two homologs of the
PUM (19, 20) and three of the NANOS (21) genes have been
identified. The PUM complex mediates translational silencing via
a number of complex mechanisms including deadenylation (22),
mRNA decapping (23), and microRNA (miRNA) recruitment
(24-26) or by blocking translation initiation (27, 28). PUM regu-
lation is conserved throughout evolution, and PUM homologs
have essential roles in regulating cell cycle progression, stress re-
sponses, and differentiation (29-31). In addition to these roles,
the PUM complex has an important evolutionarily conserved
function in maintaining stem cell pluripotency (32—-34) and tissue
specification (35).

Here, we provide genetic evidence for a strong synergistic in-
teraction between dLsdl and the Pumilio complex during Dro-
sophila development. We show that dLsd1 directly binds to the
nanos and pumilio loci in Drosophila and that this binding is con-
served in mouse and human cells. In addition, we find that dis-
ruption of LSD1 and LSD2 function using small-molecule inhib-
itors or short hairpin RNA (shRNA) in human cell lines induces
expression of NANOS 1 and 3 (NANOS1/3). Consistent with
these results, quantitative expression experiments confirm that
the relative mRNA levels of the PUM complex (NANOS 1, PUM 1,
and PUM 2) are significantly lower in bladder tumors expressing
high levels of LSD1 than in normal bladder tissue samples.

Unexpectedly, we identify a novel feedback mechanism in
which the Pumilio complex directly represses the translation po-
tential of dLsd1 in Drosophila and LSD2 in human cells by binding
to NRE motifs in their 3" UTRs.

In summary, our work has led to the discovery of a complex
and functionally important interaction between the LSD1 family
of histone demethylases and the Pumilio posttranscriptional re-
pressor complex.

MATERIALS AND METHODS

Fly strains and genetic analysis. The following stocks were obtained from
Bloomington Stock center: Pum®°%8 Brat', Engrailed-GAL4 GFP, and
Actin5C-GAL4 genotypes. Transgenic upstream activation sequence
(UAS)-RNAI lines were obtained from the Transgenic RNAi Project
(TRiP) collection at Harvard Medical School (accession numbers JF02267,
HMS05078, and JF02931) and from the Vienna Drosophila Research Cen-
ter (VDRC) (accession numbers 25218/GD, 45815/GD, 105054/KK, and
108900/KK). w'''® flies were used as a wild-type control in all experi-
ments. A complete list of the fly stocks used in this study is shown in Table
S1in the supplemental material. Flies were grown on standard Drosophila
medium and maintained at 25°C.

The effect on the ectopic-wing-vein phenotype was studied by cross-
ing females heterozygous for Engrailed-GAL4 and Engrailed-GAL4; UAS-
Lsd1 RNAi with males carrying UAS-RNAI for Pumilio, Brat, and Nanos.
The effect was quantified in females by counting the number of wings with
ectopic veins.

To assess the viability, five females and two males were crossed at 25°C,
and the number of progeny of each genotype was counted for 7 days.

Cells and cloning. The cells used in the study reported in this paper are
Drosophila S2 cells, mouse 32D cells, and human breast cancer cell lines,
MCF7 and MDA-MB-231. S2 cells were grown in Schneider’s Drosophila
medium supplemented with 10% fetal calf serum (FCS) and penicillin-
streptomycin. MCF7 cells were grown in Dulbecco’s modified Eagle me-
dium with nutrient mixture F-12 (DMEM-F-12) and supplemented with
10% FCS, penicillin-streptomycin, and 0.01 mg/ml insulin. MDA-MB-
231 cells were grown in DMEM-F-12 and supplemented with 10% FCS
and penicillin-streptomycin. Luciferase reporter constructs were cloned
by inserting Xbal- and Nhel-digested PCR fragments into the Xbal site of
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the pGL3 plasmid. The pGL3 and pGL4 plasmids were purchased from
Promega (catalog numbers E1751 and E6881). Site-directed mutagenesis
was conducted using Stratagene Pfu Turbo as per the manufacturer’s in-
structions. Primer sequences can be found in the supplemental material.

RNAI in Drosophila S2 cells. Double-stranded RNA (dsRNA) for
RNAI experiments was generated using a RiboMax large-scale RNA pro-
duction system (Promega) according to the manufacturer’s instructions.
Drosophila S2 cells were incubated with 25 to 50 g of dsRNA for 4 days as
previously described (36). All RNAi experiments described in this paper
were conducted in triplicate, and data represent averages and standard
deviations.

TAP tag RNA pulldown assays. Wild-type (w'''®), nos-GAL4/UAS-
TAP-PumHD, and nos-GAL4/UAS-TAP-PABP adult females were grown
on standard cornmeal-molasses fly food. The adults were then frozen in
liquid nitrogen and stored at —80°C. Adult flies (2.5 g) were suspended in
15 ml of buffer 1 (20 mM Tris-HCl, pH 8, 150 mM NaCl, 10 mM EDTA,
0.2% Nonidet P-40, 0.02 mg/ml heparin, 1.5 mM dithiothreitol [DTT], 1
mM phenylmethylsulfonyl fluoride [PMSF], 0.5 ug of leupeptin, 20
units/ml DNase I, 10 units/ml RNasin) and ground to a powder with a
pestle. The powder was then subjected to Dounce homogenization and
centrifuged twice at 10,000 X g for 10 min. Cleared extracts were then
incubated with 500 pl of slurry (50%, vol/vol) of IgG-agarose beads at 4°C
for 90 min. The beads were then washed once in buffer 1 for 15 min before
being washed three more times in buffer 2 (20 mM Tris-HCI, pH 8, 150
mM NaCl, 1 mM EDTA, 10% glycerol, 0.01% Nonidet P-40, 1 mM DTT,
10 units/ml RNasin). Tandem affinity purification (TAP)-tagged proteins
were removed from the beads by incubation with 150 units of AcTEV
protease (Invitrogen) for 2 h. RNA was then isolated using TRIzol reagent
(Invitrogen), followed by RNeasy (Qiagen) purification as per the manu-
facturer’s instructions (31). Each RNA TAP tag pulldown was conducted
in triplicate, and averages and standard deviations from real-time quan-
titative PCR (RT-qPCR) experiments are reported in this paper.

RT-qPCR. Total RNA from human cell lines was purified using an
RNeasy extraction kit (Qiagen). Reverse transcription was performed using a
TaqMan reverse transcription kit (PE Applied Biosystems) according to the
manufacturer’s specifications. RT-PCR was performed for 50 cycles using an
ABI Prism 7900 HD Sequence Detection system. mRNA levels were mea-
sured using SYBR green detection chemistry (Applied Biosystems).

Total RNA from Drosophila was extracted using 500 pl of TRIzol re-
agent (Invitrogen). RNA was treated with a DNA-free DNA Removal kit
(Ambion) for 30 min at 37°C as described by the manufacturer. cDNA was
synthesized from 1 g of the total RNA preparation using TagMan reverse
transcription reagents (PE Applied Biosystems) according to the manu-
facturer’s specifications. Real-time PCR analyses were performed using a
CFX Connect real-time PCR detection system (Bio-Rad) and FastStart
Universal SYBR green master (Rox) mix (Roche Applied Science).

Quantification was performed using the comparative threshold cycle
(AC;) method as described by the manufacturer. Tubulin, Actin, GAPDH
(glyceraldehyde-3-phosphate dehydrogenase gene), RpL32 (RP49), and
Rsp26 were used as controls for normalization. Gene-specific primer se-
quences are included in the supplemental material. All RT-qPCR experi-
ments were conducted in biological triplicates and technical duplicates.
Graphs representing RT-qPCR data contain averages and standard devi-
ations. Use of human normal and cancer tissues in this study was ap-
proved by the Cambridgeshire Local Research Ethics Committee (Ref
03/018), and the biorepository is supported by National Institute for
Health Research funding and by the Cambridge Biomedical Research
Centre.

Transfections. Drosophila S2 cells were transfected for 48 h using X-
tremeGENE HP transfection reagent (Roche) in accordance with the
manufacturer’s instructions. Human cells were transfected for 48 h with
X-treme GENE transfection reagent (Roche) and Lipofectamine 2000 (In-
vitrogen) according to the manufacturer’s instructions. All transfection
experiments were conducted in biological triplicates.
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Antibodies. Antibodies used in this study include antitubulin (E7
[Developmental Studies Hybridoma Bank] and clone DM1A [Sigma]),
anti-Pumilio 1 (anti-PUMI1) (A300 201A; Bethyl), anti-Pumilio 2 (anti-
PUM?2) (A300-202A; Bethyl), anti-dLsd1 (9), anti-LSD1 (ab17721; Ab-
cam) anti-LSD2 (ab52001; Abcam), and IgG from rabbit serum (I5006;
Sigma).

Drug treatments. MCF7 cells were treated with tranylcypromine
(TCP) dissolved in dimethyl sulfoxide (DMSO) at the concentrations
outlined in Results. Treatment with DMSO alone was used to normalize
the gene expression changes. Cells were treated with the drug for 24 h
before being lysed, and the effect on gene expression was analyzed using
RT-qPCR. Specific primer sequences can be found in the supplemental
material.

Luciferase assays. S2 Drosophila cells were transfected in 12-well
plates with 100 ng of pGL4 and 150 ng of the pGL3-dLsd1-3" UTR or
dLsd1-3" UTR-NRE mut (NRE mut). For LSD1, LSD2, and LSD2-NRE-
mut luciferase experiments, MDA-MB-231 cells were transfected in 12-
well plates with 150 ng of pGL3-LSD1 (or variations thereof). Unless
otherwise stated, luciferase levels were measured 48 h posttransfection
(data are expressed as means = standard errors [SE]; n = 3). Luciferase
readings were taken using a Dual-Luciferase reporter assay system (Pro-
mega) as per the manufacturer’s instructions. All luciferase assays were
conducted in biological triplicate and technical duplicate. Luciferase read-
ings are reported as averages and standard deviations of these measure-
ments.

Lentiviral shRNA. The DNA preparation, transfections, and virus
preparation methods have been published elsewhere (37). LKO.1 shRNA
vectors targeting the human PUM complex were as follows: for PUM 1,
TRCN0000147347 (sh15), TRCN0000148785 (sh16), TRCN0000148491
(sh17), TRCN0000148263 (sh18), and TRCN0000146945 (sh19); for
PUM 2 (GenBank accession number NM_015317), TRCN0000061858
(sh1), TRCN0000061859 (sh2), TRCN0000061860 (sh3), TRCN0000061861
(sh4), and TRCN0000061862 (sh5); for LSD1 (KDM1A), TRCN0000046068
(shRNAI), TRCN0000046069 (shRNA2), TRCN0000046070 (shRNA3),
TRCN0000046071 (shRNA4), and TRCN0000046072 (shRNAS5); for
LSD2 (KDM1B), TRCN0000046073 (shRNA1), TRCN0000046074
(shRNA2), TRCN0000046075 (shRNA3), TRCN0000046076 (shRNA4),
and TRCN0000046077 (shRNA5). The shRNAs were obtained from the
RNAI Consortium (Boston, MA). The effect of each shRNA was tested in
triplicate, and representative samples are displayed.

Chromatin immunoprecipitations (ChIP). Drosophila adult ovaries
and wing discs from third-instar larvae were dissected in phosphate-buff-
ered saline (PBS) and resuspended in buffer A (60 mM KCIl, 15 mM NaCl,
4 mM NaCl, 15 mM HEPES [pH 7.6], 1 mM EDTA, 0.5 mM EGTA, 0.5%
Triton X-100, 0.5 mM DTT, protease inhibitors). After being homoge-
nized and fixed in 1% formaldehyde for 15 min at room temperature,
samples were resuspended in lysis buffer (140 mM NaCl, 15 mM HEPES
pH 7.6, 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.5 mM DTT,
0.1% sodium deoxycholate, 0.05% SDS) and lysed by sonication. The lysates
were cleared by centrifugation, preabsorbed by incubation with protein G-
and A-Sepharose beads (GE Healthcare), and incubated overnight at 4°C with
10 pl of anti-dLsd1 (described in reference 9) or in preimmune serum. Anti-
body complexes were recovered with a mixture of protein A- and G-Sephar-
ose. After extensive washes, immunocomplexes were eluted from the beads
and cross-links were reversed. The DNA was recovered by phenol-chloro-
form extraction and ethanol precipitation. DNA was resuspended in 150 .l of
water, and 7.5 pl was used for real-time gPCRs.

S2 and MCF7 cells were fixed in 1% formaldehyde for 15 min at room
temperature; the reaction was stopped by addition of glycine, and cells
were washed in PBS and harvested in SDS buffer (100 mM NaCl, 50 mM
Tris-HCL, pH 8, 5 mM EDTA, pH 8.0, 0.5% SDS, protease inhibitors).
Following centrifugation cells were resuspended in immunoprecipitation
(IP) buffer (1 volume of SDS buffer to 0.5 volume of Triton dilution
buffer), and chromatin was sonicated to an average size of 750 bp. The
samples were then processed for ChIP as described above. For the ChIP
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experiments in MCF7 cells, lysates were incubated overnight at 4°C with 1
pg of IgG and 3 g of anti-LSD2 antibody.

The databases analyzed for LSD1 binding to the Pum/PUM complex
promoters and a description of how the LSD1 ChIP from mouse 32D cells
and MCF7 cells were conducted are reported elsewhere (14, 38).

Primer sequences are included in the supplemental material.

RNA pulldown assays. RNA affinity isolations were performed as de-
scribed previously (29). HeLa cells were grown to 90% confluence and
then washed in 1 X PBS and collected by centrifugation at 2,000 X g for 10
min. Cells were then lysed in polysome lysis buffer (10 mM HEPES-KOH,
pH 7, 100 mM KCl, 5 mM MgCl,, 25 mM EDTA, 0.5% Nonidet P-40, 2
mM DTT, 0.2 mg/ml heparin, 50 units/ml RNase OUT [Invitrogen], 50
units/ml SUPERase IN, and 1X complete protease inhibitor tablet
[Roche]). This lysate was then spun three times at 14,000 X g for 10 min,
and any cellular debris was removed. Aliquots were then flash frozen and
stored at —80°C. Fifty microliters of protein G or protein A beads (Am-
ersham) was equilibrated in NT2 buffer (50 mM Tris-HCI, pH 7.5, 150
mM NaCl, 1 mM MgCl,, 0.05% Nonidet P-40, 5% bovine serum albumin
[BSA; Sigma], 0.02 mg/ml heparin). Twenty micrograms of Pum 1 anti-
body and 50 pg of Pum 2 were then coupled to the beads and incubated
for 12 h at 4°C. The beads were then washed three times in NT2 buffer.
Twenty milligrams of lysate was then added to the bead-coupled antibody
and mixed for 6 h at 4°C. The beads were then washed four times in NT2
buffer, and RNP was eluted in SDS-EDTA buffer (50 mM Tris, pH 8, 100
mM NaCl, 10 mM EDTA, 1% SDS). Purified RNA from these pulldown
experiments was analyzed using RT-qPCR. Each RNA pulldown was done
in duplicate, and the RT-qPCR of each sample was analyzed in triplicate.
RT-qPCR data from these experiments are displayed averages and stan-
dard deviations.

RESULTS

dLsd1 and the Pumilio complex genetically interact in Drosoph-
ila. To identify novel regulators of dLsd1 activity, we conducted a
dLsd1-RNAi screen in the Drosophila wing. For screening, we de-
pleted dLsd1 in the posterior compartment of the developing Dro-
sophila wing with UAS-RNAI constructs driven by the Engrailed-
GAL4 driver (Eng-GAL4). Reduced dLsdl levels in the wing
resulted in a reproducible extra-vein phenotype in 22% of the flies
(Fig. 1A and B). We then tested RNA lines from the TRiP (Trans-
genic RNAi Project) collection for candidate genes that could
modify the frequency of the dLsd1 RNAi-induced phenotype (un-
published data). This analysis identified components of the
Pumilio translational repressor complex (Pumilio and brain tu-
mor) as strong enhancers of dLsd1 RNAi phenotypes (Fig. 1A and
B). Codepletion of dLsd1 with either Pum or Brat increased the
frequency of the appearance of ectopic wing veins from 22% to
89% and 87%, respectively (Fig. 1B). To exclude possible off-
target effects of our RNAIi lines, we acquired alternative RNAi lines
from the Vienna Drosophila RNAi Center (VDRC). Using VDRC
RNAI lines of Brat and Pum, we obtained comparable enhance-
ment of the dLsd1-RNAi phenotype to that seen in the lines from
the TRiP collection (Fig. 1B). Importantly, RNAi of Brat or Pum
alone only rarely produced extra wing vein material (Brat, 0%;
Pum, 12%) (Fig. 1B). Depletion of Nanos in dLsd1-RNAi wings
did not enhance the phenotype (Fig. 1B). This result is consistent
with the fact that the Nanos transcript is mainly expressed in early
embryo and in germ line cells and is very weakly expressed in wing
discs (39, 40; also data not shown). We next tested the effect of
crossing mutant hypomorphic alleles of Pumilio and Brat
(Pumilio®’®%® and Brat') to dLsd1*N (dLsd1 encoding a sequence
with an N-terminal deletion) mutants. These hemizygous flies
(Pumilio®***]dLsd1*N and Brat'; dLsd1*") displayed a moderate
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A Eng-GAL4 B Genotype Modified wing phenotype(%)

Eng-GAL4 0% (N=300)

Eng-GAL4;dLsd1 RNAi 22% (N=946)

Eng-GAL4;Pum RNAI (TRIP) 12% (N=164)

Eng-GAL4;Pum RNAi (VDRC) 13% (N=507)

Eng-GAL4;dLsd1 RNAi/Pum RNAI (TRIP) 89% (N=635)

Eng-GAL4;dLsd1 RNAi/Pum RNAi (VDRC) 97% (N=245)

Eng-GAL4;Brat RNAi (TRIP) 1% (N=146)

Eng-GAL4;Brat RNAi (VDRC) 2% (N=110)

Eng-GAL4;dLsd1 RNAi/ Brat RNAi (TRIP) 87% (N=324)

Eng-GAL4;dLsd1 RNAI/ Brat RNAi (VDRC) 50% (N=266)

Eng-GAL4;Nos RNAi (TRIP) 0% (N=132)

Eng-GAL4;Nos RNAi (VDRC) 0% (N=366)

Eng-GAL4;dLsd1 RNA/ Nos RNAi (TRIP) 10% (N=134)

Eng-GAL4;dLsd1 RNAi/ Nos RNAi (VDRC) 2% (N=274)

Eng-GAL4; dLsd1 RNAi/Pum RNAi C
Females Males

Genotype observed (%) observed (%) Expected (%)
Act5C-GAL4 51% (N=889) 49% (N=869) 50
Act5C-GAL4;dLsd1 RNAi 30% (N=671) 25% (N=643) 25
Act5C-GAL4;Pum RNAi (VDRC) 43% (N=353) 15% (N=271)* 50
Act5C-GAL4;Pum RNAI (TRIP) 46% (N=366) 40% (N=354)* 50
Act5C-GAL4;dLsd1 RNAi/Pum RNAI(VDRC) 9% (N=170)* 1% (N=142)* 25
Act5C-GAL4;dLsd1 RNAi/Pum RNAI(TRIP) 6% (N=150)* 0% (N=104)* 25
Act5C-GAL4;Brat RNAi(VDRC) 0% (N=205)* 0% (N=157)* 50
Act5C-GAL4;Brat RNAI(TRIP) 35% (N=315)* 26% (N=207)* 50
Act5C-GAL4;dLsd1 RNAi/Brat RNAI(VDRC) 0% (N=117)* 0% (N=126)* 25
Act5C-GAL4;dLsd1 RNAi/Brat RNAI(TRIP) 2% (N=178)* 1% (N=102)* 25
Act5C-GAL4;Nos RNAi(VDRC) 40% (N=305)* 19% (N=228)* 50
Act5C-GAL4;Nos RNAI(TRIP) 31% (N=381)* 32% (N=378)* 50
Act5C-GAL4;dLsd1 RNAi/Nos RNAI(VDRC) ~ 10% (N=176)* 0% (N=136)* 25
Act5C-GAL4;dLsd1 RNAi/Nos RNAI(TRIP) 19% (N=196) 16% (N=166) 25

FIG 1 dLsdl genetically interacts with the Pumilio complex in Drosophila. (A) Pumilio and Brat depletion results in an enhancement of the dLsd1-RNAi
phenotype in the wings. Shown are images of wings expressing the Engrailed-GAL4 driver alone (Eng-GAL4) or dLsd1 RNAI constructs alone (Eng-GAL4; dLsd1
RNAI), dLsd1 and Pumilio RNAi constructs (Eng-GAL4; dLsd1 RNAi/Pum RNAI), or dLsd1 and Brat RNAi constructs (Eng-GAL4; dLsd1 RNAi/Brat RNAI). (B)
Table showing the enhancement of the ectopic-vein phenotype penetrance by codepletion of dLsd1 and Pumilio or Brat in the posterior part of the wing using
the Eng-GAL4 driver. Nanos depletion does not enhance the extra-wing-vein phenotype observed upon dLsd1 depletion. N, number of wings counted. (C)
Codepletion of dLsd1 and Pumilio or Brat by RNAi using the Act5C-GAL4 driver results in synthetic lethality. The table shows the percentage of viable females
and males observed for each genotype indicated. N, the number of flies counted. *, P value < 0.001 (binomial test).

enhancement of the dLsd1 ectopic-vein phenotype, in agreement
with our RNAi experiments (data not shown). These results show
that dLsd1 and components of the Pumilio complex (Pumilio and
Brat) act synergistically during wing vein development.

To verify this genetic interaction in another dLsd1-mediated
phenotype, we tested the effect of cumulative loss of dLsd1 and
components of the Pumilio complex on viability. Lowering dLsd1
levels by RNAi using a ubiquitous driver (Act5C-GAL4) did not
affect viability. Individually reducing the levels of Pumilio, Brat, or
Nanos only subtly changed viability (Fig. 1C). However, codeple-
tion of dLsd1 and components of the PUM complex produced a
strong synthetic lethality, and interestingly this effect was signifi-
cantly stronger in males than in females (Fig. 1C). Our results
show that dLsdI genetically interacts with components of the
Pumilio complex and suggest that dLsd1 and the Pumilio complex
act synergistically during Drosophila development.

dLsd1 regulates the expression of Nanos and Brat in Dro-
sophila. To determine the molecular mechanisms underlying the
genetic interaction between dLsdI and the Pumilio complex, we
investigated whether the components of the Pumilio complex
were direct transcriptional targets of dLsd1. To do this, we con-
ducted dLsd1 ChIP from Drosophila adult ovaries and third-instar
larva wing discs. As shown in Fig. 2A, the promoters of genes
encoding all three components of the Pumilio complex (Pum,
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Nos, and Brat) are directly bound by dLsd1, akin to the previously
characterized dLsdl1 target, Bunched (Bun). Two intergenic re-
gions, Intl and Int2, were used as negative controls and were not
bound by dLsd1. A similar result was obtained in third-instar larva
wing discs (data not shown). As a secondary assay, we performed
dLsd1 ChIP experiments in Drosophila S2 cells and found that
dLsd1 is bound to the promoters of the Pum complex (data not
shown). Importantly, the dLsd1 ChIP signal is dramatically re-
duced in S2 cells depleted of dLsdl using dsRNA (data not
shown). These ChIP results indicate that the regulatory regions of
the components of the Pumilio posttranscriptional repressor
complex are directly bound by dLsd1.

To determine the role of dLsd1 in regulating the expression of the
Pumilio complex, we compared the ovaries of dLsd1*" homozygous
mutants and dLsd1-RNAi flies to those of wild-type animals. Surpris-
ingly, loss of dLsd1 expression resulted in reduced levels of Nos and
Brat mRNAs, while Pum mRNAs levels remained unchanged (Fig. 2B
and C). In agreement with previous reports (9, 10), we found that the
mRNA levels of dLsd1 target genes Bam and abd-A were changed
upon dLsd1 loss. The expression of the germ line-specific gene Vasa
remained unaffected (Fig. 2B). To determine that these changes were
not due to aberrant developmental programs in the ovary, we exam-
ined the expression of the Pumilio complex upon dLsd1 depletion in
ovariectomized carcasses. In these samples, we also observed reduced
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expression of Nos and Brat (Fig. 2D), supporting a role for dLsd1 in
promoting Pum complex expression. These findings are consistent
with previous work showing that dLsd1 can either repress or activate
gene expression, depending on its association with specific protein
complexes (8).

Pumilio posttranscriptionally regulates dLsd1 levels. The
Pumilio complex regulates transcript stability and translation po-
tential of its target mRNAs by binding a Nanos regulatory element

December 2015 Volume 35 Number 24

Molecular and Cellular Biology

(NRE) (UGUAXAUA) within the 3" UTR. We next investigated
whether the Drosophila Pumilio complex was able to regulate
dLsd1 levels. To do this, we examined the transcripts of dLsd1 and
other Drosophila chromatin-related modifiers (Lid) for putative
Nanos regulatory elements (NREs). This analysis revealed a puta-
tive NRE sequence within the 3" UTR of Drosophila dLsd1, similar
to findings in previously characterized Pum substrates (Hunch-
back [Hb] and CG8414) (Fig. 3A). To determine if the Drosophila
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dLsd1 transcript is a posttranscriptional target of the Pumilio
complex, we conducted RNA immunoprecipitation (RIP) exper-
iments with flies expressing TAP-tagged Pumilio (Pum) or TAP-
tagged poly(A)-binding protein (PABP) (positive control) and
wild-type (w'!'®) flies (negative control). RNA enriched from
each of these TAP tag immunoprecipitations was assayed using
RT-qPCR. From this analysis, we found enrichment for the dLsd1
transcript in the TAP-tagged Pum purified samples compared to
transcript levels of control RNAs, which do not contain NRE mo-
tifs (lid and rsp26) (Fig. 3B). To verify the functionality of the
putative NRE motif, we cloned the 3" UTR of dLsdI downstream
of aluciferase reporter construct. Using site-directed mutagenesis,
we mutated the putative NRE element UGUAAAUA to an inactive
UCCAAAUA sequence and measured the effect on luciferase pro-
duction in Drosophila S2 cells. Mutation of the NRE motif or
depletion of Pum by dsRNA increased the levels of luciferase (Fig.
3C). Loss of Pum function did not modify luciferase production
from the NRE mutant plasmid, suggesting that the dLsdl tran-
script contains only one functional NRE (Fig. 3C).
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To determine how Pumilio regulation affected dLsd] mRNA,
we assayed dLsd1 mRNA levels in Drosophila S2 cells depleted of
Pumilio by dsRNA. As shown in Fig. 3D, we detected a small
but statistically significant increase in dLsd1 mRNA levels upon
Pumilio depletion. A greater increase was observed in Drosoph-
ila ovariectomized carcasses upon depletion of Pum, Brat, and
Nos using the Act5C-GAL4 ubiquitous driver (data not shown).
To determine if Pumilio regulation also affected dLsd1 protein
production, we performed Western blot analysis using an anti-
body directed against dLsd1 in S2 cells depleted of Pumilio and
Brat by dsRNA. In agreement with the gPCR analysis, reducing
Pumilio complex function resulted in a small increase in dLsd1
protein levels (Fig. 3E). A quantification of dLsd1 protein levels
relative to the level of the tubulin control from three independent
experiments indicated that this increase in dLsd1 upon Pum si-
lencing is statistically significant. We observed a tendency toward
an increase when we depleted Brat; however, this increase was not
statistically significant (Fig. 3F). Taken together, these results sug-
gest that, in Drosophila, the dLsd1 transcriptional program and
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the Pumilio posttranscriptional repressor complex are function-
ally linked and important for developmental processes.

LSD1 regulates the expression of the Pumilio complex in
mammalian cells. To establish whether LSD1 regulation of the
Pumilio complex is conserved in mammalian systems, we exam-
ined published LSD1 data sets derived from ChIP with microarray
technology (ChIP-chip) of mouse 32D (14) and human K562 cells
(38, 41). From these analyses, we found that the promoters and
distal regulatory elements of the PUM complex (Pum1/PUMI,
Pum?2/PUM2, Nanos1/NANOS1, NANOS2, and Nanos3/NANOS3)
appeared to be occupied by LSD1. The Nanos2 gene in murine 32D
cells showed no enrichment for LSD1 binding.

To test whether the NANOS and PUM genes are bound by
LSD1, we conducted LSD1 ChIP and quantitative RT-PCR from
mouse 32D cells and from human MCF7 breast cancer cells; LSD1
ChIP from these cells confirmed that all of the NANOS (NOS1 to
NOS3) and PUMILIO (PUMI1 and PUM?2) homolog genes are
bound by LSD1 around the transcription start site (TSS) in human
cells (Fig. 4A). In mouse 32D cells, all the Pum complex genes are
bound by LSD1, except for Nanos2 (Fig. 4B and C). To then verify
if the other member of the KDM1 family can also bind to NANOS
and PUM genes, we analyzed a recently published LSD2 data set
derived from ChIP with DNA sequencing (ChIP-Seq) (42). This
analysis showed binding of LSD2 to NANOS and PUM genes in
HepG2 cells (42). To confirm that this binding occurs in MCF7
cells, we performed ChIP-qPCR analysis. As shown in Fig. 4D,
LSD2 can be found on the NANOS and PUM genes.

We next investigated the functional consequences of LSD1 and
LSD2 binding. To do this, we depleted LSD1, LSD2, or scrambled
control sequences (Scr) using shRNA from MCF7 and MDA-MB-
231 breast cancer cell lines (Fig. 5A and data not shown). Loss of
either LSD1 or LSD2 activity induced NANOS1 and NANOS3
expression to levels similar to the level of the validated LSD1 target
gene, HESI (43) (Fig. 5A), but did not affect the expression of
PUMI1 and PUM2. To determine if the lack of regulation of PUM1
and PUM2 was due to a redundant function of LSD1 and LSD2,
we measured gene expression changes in the PUM complex in
human breast cancer cells treated with the LSD1 and LSD2 inhib-
itor tranylcypromine (TCP) or in cells depleted of both LSD fam-
ily members. Cells treated with TCP at working concentrations
(100 wM and 150 pM) and cells codepleted for LSD1 and LSD2
showed significant induction in the expression of NANOSI and
NANOS3 (Fig. 5B and data not shown) compared to levels in
DMSO-treated cells. Codepletion of LSD1 and LSD2 did not sig-
nificantly increase NANOS expression compared to the level with
single-LSD silencing (data not shown). The PUM genes were not
significantly changed by TCP treatment or by codepletion of LSD1
and LSD2. These results implicated both LSD1 and LSD2 as im-
portant in controlling NANOS levels. These findings are in agree-
ment with previous work, which identified fluctuations in NANOS
expression as important for stabilizing the PUM complex (17)
and promoting PUM function (44). This suggested that although
the binding of the LSD1 family of histone demethylases to the
promoters of PUM complex components is conserved through-
out evolution, in mammalian cells LSD1 and LSD2 repress rather
than promote the expression of the PUM complex.

We next sought to examine how this regulation was changed
in a human disease setting as we recently showed that NANOS1
misregulation was important in tumors lacking a functional
Retinoblastoma 1 gene (44). Elevated LSD1 levels have been
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demonstrated to promote the oncogenic potential of cells, and the
overexpression of LSD1 has been found in numerous human tu-
mors (45-47). LSD1 levels have been shown to be particularly
important determinants in bladder cancer growth and patient
outcome (48). To investigate how LSD1 levels in human tumors
correlates with the expression of the PUM complex components,
we conducted RT-qPCR from normal human bladder tissues
(samples BN11B, BN25A, BN26A, BN2B, and BN4A) and bladder
carcinomas (samples BT48, BT53, BT69, BT74, BT120, BT128,
BT129, and BT139). The expression levels of NANOS2 and
NANOS3 were below the threshold of detection and were thus
excluded from further studies. Tumor samples with high levels of
LSD1 express lower levels of NANOSI, PUMI, and PUM2 than
normal bladder tissue (data not shown). Accordingly, Fig. 5C
shows that the ratios between the average expression levels of
NANOSI1, PUMI, and PUM2 and the average expression levels of
LSD1 are reduced in tumor versus normal samples. These data are
in agreement with our findings from tissue culture cell lines and
suggest that LSD1 represses the expression of the PUM complex
and, in particular, NANOS1 in bladder tumors.

PUM posttranscriptionally regulates LSD2 but not LSD1 in
human cells. We next sought to test whether the posttranscrip-
tional repression of the LSD1 family by the PUM complex is con-
served throughout evolution. To do this, we used a bioinformatics
approach to search the human LSD1 and LSD2 3’ UTRs for NRE
(Nanos regulatory element) motifs. This analysis revealed a puta-
tive NRE in the 3" UTR of LSD2 but not LSD1 (Fig. 6A) and is in
agreement with previous work, which identified LSD2 as a target
of PUM1 and PUM2 in HeLa cells (29). To examine the PUM-
mediated regulation of LSD2, we conducted RNA immunopre-
cipitation (RIP) experiments from MCEF7 cells, using antibodies
specific to PUM1 and PUM2. RT-qPCR analysis of the RNA pu-
rified from these RIP experiments demonstrated that LSD2 but
not LSDI is bound by both PUM1 and PUM2 in these cells (Fig.
6B). To characterize the NRE motif responsible for this regulation,
the 3" UTRs of both LSD1 and LSD2 were cloned downstream of a
luciferase reporter gene. The putative NRE within the 3" UTR of
LSD2 was mutated to an inactive UCCAXAUA sequence (Fig. 6C).
These constructs were then transfected into MCF7 cells either
overexpressing PUMI or depleted of PUM1 or PUM2 function
using a ShRNA (data not shown). Elevated PUM1 levels repressed
the luciferase levels of the LSD2 3’ UTR but not LSDI or the
LSD2-NRE mutant (Fig. 6D). Depletion of the either PUM pro-
tein produced the converse effect on LSD2 luciferase levels (Fig.
6E), implicating PUM as a direct regulator of LSD2. These find-
ings establish LSD2 as a target of PUM posttranscriptional regu-
lation via a Pumilio regulatory element within its 3" UTR.

To assess the role of PUM regulation of endogenous LSD2 in
cells, we transfected MCF7 cells with plasmids containing PUM1
or PUM2 and assayed LSD1 and LSD2 levels by Western blotting.
The exogenous source of the PUM complex was sufficient to dra-
matically reduce LSD2 but not LSD1 protein levels (Fig. 7A). Con-
versely, we find that depletion of PUM2 using shRNA resulted in
an increase in the protein levels of LSD2 (Fig. 7B) but did not
affect the mRNA levels of either LSD1 or LSD2 (data not shown).
These results confirm that LSD2 is a substrate for PUM posttran-
scriptional regulation in human cells and suggest that PUM acts to
inhibit the translation of LSD2 rather than promoting the degra-
dation of the LSD2 transcript.
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FIG 4 LSD1 and LSD2 bind to the Pumilio complex genes in mammalian cells. (A) ChIP analysis of LSD1 binding to the NANOSI to NANOS3 (NOS1 to NOS3)
and PUM1I and PUM2 loci in human MCF?7 breast cancer cells (*, P < 0.01). (B) Relative binding of LSD1 to the Nanos1, Nanos2, and Nanos3 loci in mouse 32D
cells was measured by ChIP followed by RT-qPCR. IgG was used as a negative control (*, P < 0.01). (C) Relative binding of LSD1 to the PumI and Pum?2 loci in
mouse 32D cells was measured by ChIP followed by RT-qPCR. IgG was used as a negative control (¥, P < 0.01). (D) Relative binding of LSD2 to the PUM1I,

PUM2, NOSI1, NOS2, and NOS3 loci in MCF7 cells was measured by ChIP followed by RT-qPCR. IgG was used as a negative control. *, P < 0.05 (Welch
two-sample t test). GB, gene body.

DISCUSSION

In this study, we have identified a novel regulatory mechanism
between the KDM1 family of histone demethylases and the PUM
posttranscriptional repressor complex. Specifically, we find that
the components of the PUM complex are directly bound by LSD1
in flies, mice, and humans. In addition, we have discovered a con-
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served regulatory feedback loop between the PUM complex and
members of the LSD1 family. We propose that LSD1 regulates the
expression of the PUM complex and that PUM posttranscriptionally
fine-tunes the translation of dLsd1 and LSD2. Importantly, our stud-
ies suggest that this interplay is physiologically relevant as Pumilio
and dLsd1 have synergistic roles during Drosophila development.
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In support of this hypothesis, we find that the concomitant deple-
tion of dLsd1 and components of the Pumilio complex in Drosophila
results in synthetic lethality. In addition, we found a strong en-
hancement of the dLsd1-RNAi wing phenotype when we code-
pleted components of the Pumilio complex specifically in the
wings. These findings suggest that dLsd1 and Pum act synergisti-
cally to regulate cell fate and cell survival decisions during Dro-
sophila development and are in agreement with previous findings
in Caenorhabditis elegans (49). The site-specific effect on wing
formation might be dependent on gradients of signaling mole-
cules and/or transcription factors and highlights the importance
of studying this interplay in vivo.

To determine the molecular link between LSD1 and the
Pumilio complex, we began by testing whether LSD1 can modu-
late Pumilio complex expression. By conducting LSD1 ChIP from
Drosophila and multiple mammalian cell lines, we found that
LSD1 is bound to the promoters of all of the components of the
PUM complex. Although the binding of LSD1 to these promoters
is conserved throughout evolution, LSD1’s function in regulating
PUM complex expression appears different in Drosophila and hu-
mans. Specifically, we find that LSD1 acts as a transcriptional re-
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pressor of the NANOS genes in the human cells tested. In contrast,
our results in Drosophila suggest that dLsd1 functions to promote
rather than repress Nanos and Brat expression. We cannot exclude
the possibility that in complex tissues in Drosophila, dLsd1 deple-
tion indirectly causes Nanos and Brat downregulation by altering
tissue differentiation or by changing the expression of Pumilio
complex transcriptional regulators. However, a dual role for LSD1
in controlling gene expression is consistent with previous studies
showing that LSD1 can associate with both repressive (e.g., coR-
EST) and activating (e.g., Androgen receptor) cofactors to mod-
ulate gene expression (8). Intriguingly, some of the genes of the
Pumilio complex, which are bound by LSD1, show only minor
expression changes upon LSD1/2 depletion or inhibition (PUM1
and PUM2). The results from double depletion of LSD1 and LSD2
seem to exclude the possibility that LSD1 and LSD2 functions in
the regulation of Pum complex genes are redundant. Another pos-
sibility would be that LSD1 catalytic activity at these genes is
blocked by specific cofactors or by the presence of acetylated his-
tones, as previously observed in embryonic stem cells (12). There-
fore, LSD1 may be bound to the actively transcribed Pumilio genes
and be able to prime them for repression rather than directly con-
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tribute to their transcriptional potential. Our results highlight the
importance of LSD1 in modulating the expression of the PUM
complex but also suggest that this regulation is very context de-
pendent.

In addition, we also identified a conserved feedback mecha-
nism between the PUM complex and LSD1 family members. Our
results demonstrate that the PUM complex directly targets the
dLsd1/LSD2 transcripts and prevents their translation. It does this
by binding to a NANOS regulatory element (NRE) within each of
the 3" UTRs. Using luciferase reporter constructs, we have char-
acterized a functional NRE motif within dLsdI and LSD2. Consis-
tently, we have found that dLsd1 and LSD2 protein levels are sen-
sitive to Pumilio manipulation. Our results show that PUM does
not affect LSD2 mRNA levels, suggesting that PUM acts to directly
inhibit the translation of LSD2 rather than by promoting the deg-
radation of the LSD2 transcript. We propose that the regulation of
LSD2 and dLsd1 by the Pumilio complex represents a novel post-
transcriptional regulatory mechanism to control the expression of
these genes in specific cell types. The lack of PUM-binding sites in
the shortened 3" UTR of LSD1 could allow for other ways to reg-
ulate LSD1, thus differentiating LSD1 and LSD2. For example,
previous studies have identified additional posttranscriptional
mechanisms, such as miRNA 137 (miR-137) (50), in constraining
LSD1 levels. These results suggest that in human cells, the trans-
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lation of both KDM1 family members is tightly regulated by dif-
ferent components of the posttranscriptional network.

Taken together, our results suggest that dLsd1 and the Pumilio
complex function with a built-in feedback loop which is impor-
tant for tissue homeostasis during Drosophila development (Fig.
7C). Coupling Pum and dLsdl expression may be a safeguard
mechanism to control cell fates in a number of developmental
contexts. Consistently, we have shown that concomitant deple-
tion of dLsd1 and the Pumilio complex results in defects in wing
vein determination. This interplay may also be important for
oogenesis. In the Drosophila ovary, two independent Pumilio com-
plexes function to regulate the balance between germ line stem cell
(GSC) self-renewal and differentiation into cystoblasts during
oogenesis (51). The Nanos-Pumilio translational repressor complex
is expressed in GSCs and promotes GSC self-renewal. In cysto-
blasts, a Brat-Pumilio complex functions to support differentia-
tion. Importantly, dLsd] mutant ovaries have an increased num-
ber of GSC-like cells and display a stem cell tumor phenotype (10).
We propose that misregulation of Nos, Brat, and Bam in dLsd1
mutant ovaries may contribute to the failure of stem cells to cor-
rectly differentiate into cystoblasts. These partially differentiated
precursor cells accumulate in the ovary and generate stem cell
tumors associated with dLsd1 loss.

In mammalian systems, the family of LSD1 demethylases and the
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PUM complex act in an antagonistic manner (Fig. 7D). These find-
ings have important ramifications for tumors as LSD1 amplifications
have been identified in a number of different tumor types. In tumors
that overexpress LSD1, such as bladder carcinoma, one might predict
that LSD1 represses the expression of the PUM complex. Consis-
tently, in our analysis of bladder carcinoma tumors, we find signifi-
cantly lower levels of NANOS1 and reduced levels of both PUM ho-
mologs (PUMI1 and PUM2). Diminishing the levels of the PUM
complex is likely to promote the translation of NRE-containing tran-
scripts, including LSD2, and may contribute to the cellular changes
associated with LSD1 amplifications. In support of this hypothesis,
the overexpression of miRNAs targeting the PUM complex has been
linked to aberrant expression of PUM substrates and to the progres-
sion of non-small-cell lung tumors (52).

Based on our results, we propose that the LSD1 family of his-
tone demethylases and the PUM posttranscriptional repressor
complex are functionally linked in multiple organisms. These pro-
teins are involved in intricate feedback loops during specific de-
velopmental contexts, which are likely to have important implica-
tions for stem cell biology and human cancers. These findings
provide unexpected insights into the physiological consequences
of altering epigenetic and posttranscriptional regulatory pathways
and open the road to a detailed study of their impact on the bal-
ance between stem cell renewal and differentiation.
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