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FBXW7 acts as a typical tumor suppressor, with loss-of-function
alterations in human cancers, by promoting ubiquitylation and
degradation of many oncoproteins. Lysine-specific demethylase 1
(LSD1) is a well-characterized histone demethylase. Whether LSD1
has demethylase-independent activity remains elusive. Here we
report that LSD1 directly binds to FBXW7 to destabilize FBXW7
independent of its demethylase activity. Specifically, LSD1 is a
pseudosubstrate of FBXW7 and LSD1–FBXW7 binding does not trigger
LSD1 ubiquitylation, but instead promotes FBXW7 self-ubiquitylation
by preventing FBXW7 dimerization. The self-ubiquitylated FBXW7 is
subjected to degradation by proteasome as well as lysosome in a
manner dependent on autophagy protein p62/SQSTM1. Biologically,
LSD1 destabilizes FBXW7 to abrogate its functions in growth suppres-
sion, nonhomologous end-joining repair, and radioprotection. Collec-
tively, our study revealed a previously unknown activity of LSD1,
which likely contributes to its oncogenic function. Targeting LSD1 pro-
tein, not only its demethylase activity, might be a unique approach for
LSD1-based drug discovery for anticancer application.

degradation | DNA damage repair | SCF E3 ligase | ubiquitylation

LSD1 (also known as KDM1A) was the first histone demeth-
ylase identified as a transcriptional repressor to regulate gene

expression via catalyzing the demethylation of mono- and dime-
thylated histone 3 lysine 4 (H3K4Me1, H3K4Me2) (1). Subsequent
studies demonstrated that LSD1 also demethylates H3K9 (Me1 and
Me2) to trigger gene activation programs (2). In addition to histone
3, recent studies showed that LSD1 also acts as demethylase of
nonhistone proteins, such as p53 (3), E2F1 (4), and HIF-1α (5).
Furthermore, LSD1 was shown to cooperate with multiple tran-
scriptional regulators, such as CoREST (2), NuRD (6), and SIRT1/
HDAC (7). Through these activities, LSD1 serves as a master
regulator of gene expression and protein function and is actively
involved in many biological processes.
LSD1 is overexpressed in many human cancers which is as-

sociated with poor patient survival (8). Increased preclinical data
validated LSD1 as an attractive cancer target, resulting in ex-
tensive drug discovery efforts (9). So far, most of LSD1 studies
focused on its demethylase activity and associated biological
functions. Likewise, all drug discovery efforts on LSD1 targeting
were directed to find the demethylase inhibitors (9). However,
whether LSD1 has other activities/functions independent of its
demethylase activity, and what is the underlying mechanism re-
main largely unknown, although a recent study showed that
ZNF217 naturally interacts with LSD1 to coordinately regulate
gene expression independently of its demethylase functions in a
prostate cancer model (10).
The tumor suppressor FBXW7 functions as a well-characterized

substrate recognition subunit of SCF (SKP1–CUL1–F-box protein)
E3 ubiquitin ligase (11, 12). SCFFBXW7 promotes ubiquitylation and
degradation of a large number of oncogenic substrates such as Cyclin
E, c-JUN, c-MYC, NOTCH-1, and MCL-1 to suppress growth and
survival of cancer cells (11, 13). Consistently, FBXW7 inactivation by

point mutation, genomic deletion, or promoter hypermethylation
(14) has been frequently observed in many types of cancers (15). In a
number of mouse models, tissue-specific ablation of Fbxw7
accelerated tumorigenesis in the lung (16), intestine (17), and pan-
creas (18), further supporting its tumor suppressor function. Bio-
chemically, FBXW7 is subjected to posttranslational modifications.
While phosphorylation at Ser205 by ERK (19) triggers the protea-
somal degradation of FBXW7 mediated by self-ubiquitylation (20),
FBXW7 dimerization enhances the binding affinity and confers
more accessible substrate lysine residues for ubiquitin conjugation
(21, 22). However, whether FBXW7 dimerization is subjected to
regulation by other FBXW7 binding proteins remains largely elusive.
Almost all FBXW7 substrates contain a conserved phospho-

motif, termed as CPD (Cdc4 phosphodegron), which facilitates
FBXW7 binding upon phosphorylation (23) and subsequent
ubiquitylation by SCFFBXW7 via the K48 linkage for degradation
(24). One exception is our recent finding that FBXW7 promotes
XRCC4 polyubiquitylation via the K63 linkage, not for degra-
dation, but for facilitating nonhomologous end-joining (NHEJ)
repair (25). A recent report also showed that FBXW7 promotes
γ-catenin polyubiquitylation via the K63 linkage (26). In this report,
we presented yet another exception. LSD1 is a pseudosubstrate of
FBXW7, not being ubiquitylated by FBXW7, but unexpectedly
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Fig. 1. FBXW7 binds to LSD1, but fails to promote its ubiquitylation. (A) Sequence alignment of the phosphodegron sequences recognized by FBXW7 on
LSD1, along with those found in known FBXW7 substrates, as indicated. (B–E) The FBXW7–LSD1 binding: the HEK293 cells were transiently transfected with
FLAG-FBXW7, followed by IP with FLAG-Ab or control IgG, and IB with indicated Abs (B). H1299 cells were subjected to IP with LSD1-Ab (C) or FBXW7-Ab (D)
or control IgG, followed by IB with indicated Abs. H1299 cells were cotransfected with HA-FBXW7 and FLAG-LSD1-WT, M1 (T805A) or M2 (T805A+S809A),
followed by IP with FLAG-Ab or control IgG, and IB with indicated Abs (E). (F and G) FBXW7 overexpression has no effect on LSD1 levels. H1299 cells were
transfected with increasing amounts of HA-FBXW7 (F) or fixed amount of HA-FBXW7, followed by CHX treatment for indicated periods of time (G), and IB
with indicated Abs. (H) FBXW7 fails to promote LSD1 ubiquitylation. HEK293 cells were transfected with indicated plasmids, lysed under denatured condition
at 6M guanidinium solution, followed by Ni-beads pull down, and IB to detect polyubiquitylation of LSD1 or c-JUN. (I) FBXW7 knockdown has no effect on
LSD1 levels. H1299 cells were transfected with siRNA targeting LSD1, followed by CHX treatment for indicated periods of time and IB with indicated Abs.
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promotes FBXW7 ubiquitylation. Specifically, LSD1, in a manner
independent of its demethylase activity, directly binds with FBXW7
in the CPD-dependent manner to disrupt FBXW7 dimerization,
which triggers monomeric FBXW7 for self-ubiquitylation, followed
by degradation via proteasome and lysosome systems, eventually
leading to FBXW7 inactivation. Our study revealed a demethylase-
independent activity of LSD1 in triggering FBXW7 degradation and
established a LSD1–FBXW7 interaction axis to regulate FBXW7-
mediated growth suppression, NHEJ repair, and radiosensitivity.
Our study also has translational implication to provide a rationale for
FBXW7 reactivation through targeting LSD1 protein for degrada-
tion, rather than inhibiting its enzymatic activity, in human cancers
with LSD1 overexpression.

Results and Discussion
FBXW7 Binds to LSD1, but Fails to Promote Its Ubiquitylation. FBXW7
is a typical tumor suppressor that binds to a broad range of on-
cogenic substrates through their Cdc4 phosphodegron (CPD, L/I/
PTPXXS) for subsequent polyubiquitylation via K48 linkage and
proteasome degradation (23). We recently showed that FBXW7
also binds to XRCC4 for subsequent polyubiquitylation via K63
linkage, not for degradation, but for facilitating Ku70/80 heter-
odimer and XRCC4/Lig4/XLF complex binding to achieve
effective NHEJ repair (25). However, whether FBXW7 would
regulate the process of epigenetic modification via binding to its
modifier(s) as ubiquitylation substrate(s) is largely unknown.
Here we report the detection of an evolutionarily conserved CPD
motif (ITPGPS) within the codons 804–809 of lysine-specific de-
methylase 1 (LSD1) (Fig. 1A). Indeed, ectopic expressed FLAG-
FBXW7 readily pulled down endogenous LSD1 (Fig. 1B). More
significantly, two proteins at the endogenous levels bound to each
other under unstimulated physiological conditions (Fig. 1 C and D
and SI Appendix, Fig. S1 A–B).
To map the interaction domains between two proteins, we

made a series of truncation mutants with FBXW7 into two do-
mains (the N terminus and C-terminal WD40 domain), and
LSD1 into three domains (N-terminal, AOL-N, and C-terminal),
fused with FLAG or HA-epitope tags. FLAG tag-based pull-
down assay revealed that FBXW7 interacts with LSD1 through
the WD40 domain (SI Appendix, Fig. S1C), whereas LSD1 in-
teracts with FBXW7 via its C-terminal region (AA415–852),
where the evolutionarily conserved CPD motif (804–809) is lo-
calized (SI Appendix, Fig. S1D). We further defined whether the
binding was indeed dependent on the CPD motif on LSD1 by
generating the single (T805A) or double (T805A/S809A) LSD1
mutant, designated as M1 or M2. The mutants either largely or
completely lost the ability to bind to FBXW7 (Fig. 1E). In-
terestingly, the FBXW7 levels are much higher when cotransfected
with binding-dead LSD1 mutants than with the binding-capable
wild-type LSD1 (Fig. 1E), suggesting that LSD1 may negatively
regulate FBXW7 upon binding. Collectively, FBXW7 binds to
LSD1 under physiological condition in a manner dependent on the
CPD motif.
Given FBXW7 is a well-established E3 ligase, we next de-

termined whether FBXW7 would reduce LSD1 protein levels by
promoting its ubiquitylation and degradation. Unexpectedly,
ectopic expression of FBXW7 in a dose-increasing manner failed
to reduce endogenous LSD1 (Fig. 1F and SI Appendix, Fig. S1E),
failed to shorten LSD1 protein half-life (Fig. 1G and SI Ap-
pendix, Fig. S1F), and failed to promote LSD1 ubiquitylation
(Fig. 1H) with c-MYC, NOTCH-1 and c-JUN included as posi-
tive controls of FBXW7 substrates (27–29). Likewise, siRNA-
based FBXW7 knockdown or genetic FBXW7 deletion had no
effect on LSD1 protein half-life, nor protein levels, while
extending the protein half-life or protein levels in known
FBXW7 substrates, such as c-MYC and NOTCH-1 (Fig. 1I and SI
Appendix, Fig. S1 G and H). Furthermore, in an in vitro de-
methylase activity assay using purified FBXW7 and LSD1 proteins

with an artificially dimethyl-modified H3K4 peptide as the sub-
strate, we found that FBXW7 had no effect on enzymatic activity of
LSD1 (SI Appendix, Fig. S1I). Taken together, these results clearly
demonstrated that LSD1 is a pseudosubstrate of FBXW7, which
binds to FBXW7, but failed to be ubiquitylated and degraded by
FBXW7; and FBXW7 does not affect LSD1 demethylase activity.

LSD1 Negatively Regulates FBXW7 Stability through Both Proteasomal
and Lysosomal Pathways. Given that LSD1 is not a bona fide sub-
strate of FBXW7, and the level of FBXW7 was much lower when
cotransfected with wild-type LSD1 (which bound to FBXW7) than
that cotransfected with two LSD1 mutants (which failed to bind to
FBXW7) (Fig. 1E), we hypothesized that LSD1 might negatively
regulate FBXW7. Indeed, ectopic LSD1 expression in a dose-
dependent manner remarkably reduced or eliminated exogenous
FBXW7 protein (Fig. 2A and SI Appendix, Fig. S2A), as well as
endogenous FBXW7 with consequent accumulation of FBXW7
substrates c-MYC and NOTCH-1 (27, 28) (Fig. 2B). In paired
HCT116 cells (WT vs. FBXW7-null), ectopic LSD1 expression de-
creased or increased the levels of endogenous FBXW7 and its
substrates c-MYC and NOTCH-1, respectively, only in wild-type
cells (SI Appendix, Fig. S2B). Reciprocally, in two pairs of MEF
cells derived from littermate embryos of LSD1-fl/fl mice (30), Ad-
Cre–mediated Lsd1 deletion caused Fbxw7 accumulation and re-
duction of its substrates, Notch-1, Mcl-1, and c-Myc (Fig. 2C).
Consequently, the E3 ubiquitin activity of FBXW7 was impaired in
a dose-dependent manner upon LSD1 cotransfection, as reflected
by reduced polyubiquitylation of FBXW7 substrate XRCC4 (25)
(Fig. 2D) and a well-known substrate c-JUN (SI Appendix, Fig.
S2C). Furthermore, LSD1 binding to FBXW7 in the presence of
MG132 and chloroquine (CQ) that prevented FBXW7 degradation
(see below) significantly abrogated FBXW7 binding with its sub-
strates, such as c-MYC, cyclin E, and NOTCH-1 (SI Appendix, Fig.
S2D), whereas LSD1 failed to bind to cyclin E (SI Appendix, Fig.
S2E), indicating that the pseudosubstrate could compete with real
substrates for FBXW7 binding. These findings collectively indicate
that LSD1 negatively regulates FBXW7 levels and consequently
inhibits its E3 activity, as well as competes with FBXW7 substrates
for FBXW7 binding.
Since LSD1 is a well-known protein demethylase, we next

determined whether LSD1 enzymatic activity is required for its
inhibitory effect on FBXW7, using both genetic and small mo-
lecular inhibitor approaches. We first generated a K-to-A mutant
at codon 661, which was previously reported as an enzyme-dead
mutant (31). Interestingly, just like the wild-type form, LSD1-
K661A mutant was able to reduce FBXW7 levels (Fig. 2E), and
LSD1-induced FBXW7 reduction cannot be blocked by
LSD1 inhibitors, compound 6b (32), or GSK2879552 (33) (SI
Appendix, Fig. S2F). In contrast, two LSD1 binding mutants
LSD1-M1 or LSD1-M2 had no effect on FBXW7 levels (Fig.
2F). These results clearly demonstrated that LSD1 acts as a
negative regulator of FBXW7 in the manner that is independent
of its demethylase activity, but dependent on its FBXW7 binding.
Furthermore, the qRT-PCR analysis excluded the possibility that
LSD1-mediated FBXW7 reduction occurred at the transcription
levels (Fig. 2G and SI Appendix, Fig. S2G), strongly suggesting
a posttranslational event.
We then determined whether proteasome inhibitor, MG132, or

lysosomal inhibitor CQ, would rescue FBXW7 reduction by LSD1.
While either compound showed a partial rescue, the combination
of the two caused a full rescue (Fig. 2H). Likewise, the LSD1-
K661A–induced FBXW7 reduction was partially rescued by either
compound and completely by the combination (SI Appendix, Fig.
S2H). Finally, we determined whether LSD1 affected the
FBXW7 protein half-life. While siRNA-based LSD1 knockdown
significantly extended the protein half-life of endogenous FBXW7
(Fig. 2I), ectopic LSD1 expression shortened it of both ectopically
expressed and endogenous FBXW7, which was again abrogated by

Lan et al. PNAS | June 18, 2019 | vol. 116 | no. 25 | 12313

CE
LL

BI
O
LO

G
Y

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902012116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902012116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902012116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902012116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902012116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902012116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902012116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902012116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902012116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902012116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902012116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902012116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902012116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902012116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902012116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902012116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902012116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902012116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902012116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902012116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902012116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902012116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902012116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902012116/-/DCSupplemental


H1299

0 1 2 4 FLAG-LSD1
SE IP:FBXW7

IB:FBXW7

FLAG-LSD1
LE

β-Actin

c-MYC

NOTCH-1

B

0   2   4   8  16   0   2   4   8   16   CHX (h) 

si-Ctrl si-LSD1

β-Actin

FBXW7

LSD1

I

H1299
+     +     +
- WT  K661A

FLAG-FBXW7
HA-LSD1
β-Actin

FLAG-FBXW7
HA-LSD1

E

H1299

0 1 3 0 1 3 0 1 3 0 1 3
+ + + + + + + + + + + +
- - - + + + - - - + + +
- - - - - - + + + + + +

FLAG-LSD1
HA-FBXW7
MG132
CQ

HA

β-Actin

H

FLAG

J

0   2   4   8  16   0   2   4   8   16  16  16  16   CHX (h) 

Vector
H1299

FLAG-LSD1

β-Actin

FBXW7

FLAG-LSD1

- - - - - - - - - - + - + MG132
- - - - - - - - - - - + + CQ

+ + + + +
- - + + +
- + + + +
- - - 0.5 1

XRCC4
HA-FBXW7
His-Ub
FLAG-LSD1(μg)

W
C

E

XRCC4
FLAG-LSD1

PD
:N

i-N
TA

XRCC4(Ub)n
IB:XRCC4

HA-FBXW7

D

G H1299

Vector

FLAG-LSD1-1

FLAG-LSD1-3
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

Fo
ld

 c
ha

ng
e 

(F
B

XW
7 

m
R

N
A

)

No sig.
No sig.

H1299

0 0.3 1 3
+ + + +

FLAG-LSD1
HA-FBXW7

HA-FBXW7

FLAG-LSD1

β-Actin

A

1.0    1.0     0.7    0.2

c-Myc

+/+ -/- +/+ -/-
MEF-1

LSD1

Lsd1

β-Actin

Fbxw7

MEF-2

Notch-1

Mcl-1

C

1.0    1.9    1.0   1.8

F

+ + + +

H1299

HA-FBXW7

FLAG-LSD1

HA-FBXW7

β-Actin

FLAG-LSD1- WT   M1   M2

1.0   0.13   1.1    1.2
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the combination of MG132 and CQ (Fig. 2J and SI Appendix, Fig.
S2 I and J). Taken together, these results clearly indicated that
LSD1 destabilizes FBXW7 by shortening its protein half-life via
both proteasomal and lysosomal degradation pathways.

LSD1 Promotes FBXW7 Self-Ubiquitylation by Disrupting Its Dimerization.
Having defined that LSD1 bound to and destabilized FBXW7, we
next explored the underlying mechanism. Previous studies have
shown that FBXW7 is subject to self-ubiquitylation while in the
monomeric form, followed by degradation (19, 20). We, therefore,
determined potential effect of LSD1 on FBXW7 self-ubiquitylation.
While LSD1 knockdown significantly reduced FBXW7 self-
ubiquitylation (Fig. 3A), LSD1 ectopic expression (in cells with en-
dogenous LSD1 depleted) remarkably affected the levels of poly-
ubiquitylated FBXW7 in a manner dependent on LSD1 dose.
Specifically, while at the low doses (with 0.05–0.1 μg of plasmid
DNA transfected) LSD1 promoted FBXW7 self-ubiquitylation (Fig.
3B, lanes 2–4), it triggered its degradation at the higher dose (with
0.5 μg of plasmid DNA transfected), leading to elimination of pol-
yubiquitylated FBXW7 (Fig. 3B, lanes 5–7). Although the detailed
underlying mechanism is unknown at the present time, the fact that
degradation of polyubiquitylated FBXW7 induced by the high dose
of LSD1 can be fully rescued only by the combinational treatment of
MG132 and CQ, not by either treatment alone (Fig. 3B, lane 8),
suggests that the process is mediated via both proteasome and
lysosome pathways.
We also employed an in vitro ubiquitylation assay to further

confirm FBXW7 polyubiquitylation promoted by LSD1. Indeed,
purified LSD1-WT as well as the enzymatic-dead LSD1-K661A
mutant promoted FBXW7 polyubiquitylation, but had no effect
on FBXW7-ΔF (SI Appendix, Fig. S3A), a F-box deleted mutant
lack of ligase activity. Consistently, when cotransfected, LSD1
reduced the levels of FBXW7, but not its FBXW7-ΔF mutant
(Fig. 3C).
It has been shown that ERK kinase phosphorylates FBXW7 at

Thr205 to trigger FBXW7 degradation by promoting its self-
ubiquitylation (19). To determine a potential effect of this phos-
phorylation, we generated a phosphorylation-dead T205A mutant
and found that the mutant bound to LSD1 as equally as well as the
wild-type form (SI Appendix, Fig. S3B), indicating that the FBXW7–
LSD1 binding is independent of the phosphorylation on this site.
Interestingly, we detected a higher level of HA-FBXW7-T205A,
compared with HA-FBXW7-WT (SI Appendix, Fig. S3B, lane 3 vs.
lane 2) upon LSD1 cotransfection, suggesting a background level of
FBXW7 degradation by LSD1, if ERK is not inhibited to block self-
ubiquitylation. Indeed, when cells were treated with ERK inhibitor
FTI-227 (34), LSD1-induced FBXW7 degradation was completely
abrogated (Fig. 3D). Taken together, our results clearly demon-
strated that LSD1 promotes FBXW7 self-ubiquitylation in a manner
independent of its demethylase activity for subsequent degradation
via proteasomal and lysosomal pathways.
We next investigated how LSD1 triggers FBXW7 self-

ubiquitylation. Previous studies showed that the monomeric
form of FBXW7 is prone to self-ubiquitylation, whereas the di-
meric form is stable and critical for its E3 ubiquitin ligase activity
toward its substrates (20, 35). To test whether LSD1 promoted
FBXW7 self-ubiquitylation by interfering with its dimerization,
we generated a dimerization-deficient mutant, with mutations on
the dimerization domain, including A252D, L253D, L256D, and
I257D, designated as FBXW7-DD, as previously reported (35),
and found that compared with wild-type FBXW7, the FBXW7-
DD mutant had a shorter protein half-life (SI Appendix, Fig.
S3C), weaker ligase activity toward its substrate XRCC4, but
stronger for self-ubiquitylation. (SI Appendix, Fig. S3D). Interestingly,
unlike wild-type FBXW7, LSD1 had no effect on FBXW7-DD (Fig.
3E). We next determined the effect of LSD1 on FBXW7 di-
merization, using different tagged-FBXW7 (HA-FBXW7 vs.
FLAG-FBXW7 or HA-FBXW7 vs. GFP-FBXW7), and found that

LSD1 knockdown moderately increased (Fig. 3F, and SI Appendix,
Fig. S3E), whereas LSD1 ectopic expression significantly reduced
FBXW7 dimerization, as demonstrated by two independent di-
merization assays: (i) coimmunoprecipitation (Fig. 3G) and (ii)
proximity ligase assay (PLA) (36) (Fig. 3H). Since β-TrCP was
reported as another F-box protein capable of forming homodimer
(37), we investigated potential effect of LSD1 and found that unlike
FBXW7, LSD1 had no effect on β-TrCP dimerization (SI Appendix,
Fig. S3F), indicating its specificity to FBXW7. Finally, we used an in
vitro dimerization assay with affinity-purified FLAG-tagged LSD1
(wild type vs. a binding-dead mutant, M2) and FBXW7 (HA tagged
or GFP fused), and found that LSD1-WT, but not LSD1-M2,
disrupted FBXW7 dimerization in a dose-dependent manner, and
no dimerization was found in FBXW7-DD as a positive control (SI
Appendix, Fig. S3G), suggesting that the direct binding of LSD1 to
FBXW7 is required for LSD1-mediated disruption of FBXW7 di-
merization. Taken together, we concluded that LSD1 specifically
disrupted FBXW7 dimerization to trigger its self-ubiquitylation in a
monomeric form for subsequent degradation.

Ubiquitylated FBXW7 Is Degraded by Both Proteasome and p62-
Mediated Lysosome Pathways. Since lysosome was involved in
the degradation of polyubiquitylated FBXW7, and also in the
process of autophagy, we next determined whether FBXW7
degradation occurs upon autophagy induction. Indeed, auto-
phagy induced by serum starvation or rapamycin treatment re-
duced FBXW7 levels in the presence of proteasome inhibitor
MG132 (SI Appendix, Fig. S4 A and B). To further determine the
involvement of autophagy, we next used paired Atg5+/+ and
Atg5−/− MEF cells (38) with treatment of cycloheximide (CHX)
to block new protein synthesis. In Atg5+/+ cells, only the com-
bination of MG132 and CQ, but neither drug alone, blocked
LSD1-induced FBXW7 degradation, whereas in Atg5−/− cells,
which are defective in autophagy induction, MG132 alone was
sufficient to block FBXW7 degradation (Fig. 4A). Thus, it appears
that autophagy plays a role in LSD1-induced FBXW7 degradation,
only when FBXW7 is in polyubiquitylated form, induced by LSD1,
and maintained by MG132 treatment.
To further confirm the role of autophagy, and to define as-

sociated mechanism of action, we focused on p62/SQSTM1, a
key molecular receptor mediating autophagic clearance of pol-
yubiquitylated proteins (39). No binding was detected between
endogenous p62 and ectopically expressed FBXW7 under
LSD1 cotransfected condition (SI Appendix, Fig. S4C). Re-
markably, the binding between endogenous p62 and ubiquity-
lated FBXW7, but not nonubiquitylated FBXW7, was readily
detected, if ubiquitin was included in cotransfection, and trans-
fected cells were treated with CQ (to block autophagy), or in
combination with MG132 (to block proteasome degradation as
well, which achieved an even greater binding), regardless of using
p62 pull down (Fig. 4B) or FBXW7 pull down (Fig. 4C). In
FBXW7 pull-down complex, we detected p62, but not HSC-70 (Fig.
4C), a molecule reported to mediate selective protein degradation
in chaperone mediated-autophagy pathway (40), thus excluding that
possibility. Finally, we found that p62 knockdown partially or
completely blocked LSD1-mediated FBXW7 degradation, alone or
in combination with MG132, respectively (Fig. 4D), indicating a
causal role of p62 in degradation of ubiquitylated FBXW7 via se-
lective autophagy. Taken together, we concluded that ubiquitylated
FBXW7 was degraded via both proteasome and p62-mediated ly-
sosomal pathways, which was blocked by the combination of the
inhibitors of both proteasome (e.g., MG132) and lysosome
(e.g., CQ).

LSD1 Inhibits the Cellular Functions of FBXW7. LSD1 is overex-
pressed in multiple human cancers with an oncogenic role and
was validated as an attractive cancer target (41). Given that the
vast majority of LSD1 functional studies were focused on its
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enzymatic activity, extensive drug discovery efforts have been
made to identify its inhibitors of demethylase activity (9, 32, 42).
Indeed, some of these inhibitors have been advanced to phase I/
IIa clinical trials (41). Having established a demethylase-

independent function of LSD1 in FBXW7 degradation, we
next determined its biological consequence with a main focus on
the regulation of FBXW7 functions in growth suppression (12),
DNA damage repair, and radiation protection (25). We first
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Fig. 3. LSD1 promotes FBXW7 self-ubiquitylation by disrupting its dimerization. (A and B) LSD1 manipulation regulates FBXW7 self-ubiquitylation. Cells were
transfected with two independent sets (1 and 2) of siRNAs targeting LSD1 for 24 h, then transfected with indicated plasmids for another 48 h (A), or one
siLSD1 siRNA, then transfected with a fixed amount of FBXW7 along with an increasing amount of LSD1 in the absence or presence of MG132 or CQ (B),
followed by Ni-bead pull down and IB for FLAG-FBXW7. (C–E) LSD1 reduction of FBXW7 blocked by ΔF mutation, DD mutation, and ERK inhibition. Cells were
cotransfected with LSD1 and FBXW7-WT or ΔF (C), DD (E), or pretreated with ERK inhibitor FTI-277 (D), followed by IB. (F and G) LSD1 disrupts
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kit. Cell images were acquired (Top), and positive-stained cells were quantified from at least 30 cells. Shown are the mean PLA intensity per cell (mean ± SD)
(Bottom). Statistical analysis was performed using GraphPad Prism 8.0 software. **P < 0.01. Note that selected blots were quantified by densitometry scan
using ImageJ software. The values in the blots were calculated after normalization of β-actin with the control sample setting at 1.
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showed that ectopic FBXW7 expression or LSD1 knockdown
inhibited growth, whereas FBXW7 knockdown or ectopic LSD1
expression promoted it in lung cancer cells (SI Appendix, Fig. S5
A–D), indicating their tumor-suppressive or oncogenic activities,
respectively. Ectopic expression of wild-type LSD1 (LSD1-WT)
also stimulated clonogenic survival of lung cancer cells, and this
stimulating activity was reduced in two LSD1 mutants with al-
most complete loss in a triple mutant (LSD1-M3), abrogating
both enzymatic activity and FBXW7 binding ability (SI Appendix,
Fig. S5 E and F), suggesting that both demethylase activity and
FBXW7 binding ability of LSD1 are required for its fully onco-
genic activity. Similarly, in a cotransfection experiment, ectopic
expression of LSD1-WT significantly stimulated cell growth in
HA-FBXW7–expressing cells, and this effect was reduced in
either the enzymatic-dead LSD1-K661 or the FBXW7 binding-

deficient LSD1-M2 mutant, and completely abrogated in LSD1-
M3 mutant (SI Appendix, Fig. S5 G–I). More interestingly, under
serum-deprivation conditions (2% serum), LSD1 and its enzymatic-
dead mutant completely override growth suppressive function of
FBXW7, which was totally abrogated in FBXW7 binding-deficient
mutant or the double mutant (Fig. 5A), suggesting that under un-
favorable growth conditions, the ability to degrade FBXW7 is more
important for LSD1 to stimulate growth. We further compared the
effect of LSD1 knockdown on paired HCT116 cells with or without
FBXW7 deleted (43) and found that LSD1 knockdown only medi-
ated growth suppression in FBXW7+/+ cells (Fig. 5B), suggesting a
FBXW7-dependent mechanism. Taken together, these results sug-
gested that oncogenic activity of LSD1 is mediated, at least in part,
by promoting FBXW7 degradation.
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Recently we reported that FBXW7 maintains genome in-
tegrity via promoting XRCC4 polyubiquitylation to facilitate
NHEJ repair (25). And as shown in Fig. 2D, LSD1 significantly
inhibited FBXW7 E3 ligase activity toward XRCC4. Therefore,
we next determined whether LSD1 interferes with NHEJ repair
via degrading FBXW7. In a laser microirradiation assay to detect
the recruitment of the GFP-FBXW7 fusion protein to DNA
damage sites when cotransfect with LSD1 or its mutants, we
found that LSD1-WT and its enzymatic-dead mutant (LSD1-
K661A) significantly blocked and delayed FBXW7 recruitment,
whereas the FBXW7 binding-deficient mutant or double mutant
(LSD1-M2/M3) had no effect (Fig. 5C), indicating a LSD1–
FBXW7 binding-dependent event. Furthermore, using a linear-
ized plasmid-based NHEJ assay (25), we found that ectopic
FBXW7 expression had repair-promoting activity, as did LSD1,
consistent with a previous report (44). Interestingly, FBXW7
combination with LSD1-WT or LSD1-K661A had reduced activ-
ity, which was completely rescued by LSD1-M2 or LSD1-M3 (Fig.
5D and SI Appendix, Fig. S5J, note that two independent sets of
primers, designated as P1 and P2 were used to detect NHEJ ac-
tivity), again suggesting a FBXW7 binding-dependent event.
Finally, we determined whether LSD1 affects the radiopro-

tection effect of FBXW7 (25). Indeed, ectopic FBXW7 expres-
sion conferred significant radioprotection with a resistance
enhancement ratio (RER) of 1.66. This effect was significantly
abrogated by coexpression of LSD1, but not FBXW7 binding-
deficient mutant, LSD1-M2 (Fig. 5E), further suggesting a
LSD1/FBXW7 interaction-dependent event. Taken together, we
conclude that LSD1 destabilization of FBXW7 has biological
consequence by abrogating FBXW7 cellular functions.
FBXW7 is a well-studied F-box protein that binds its onco-

genic substrates via a consensus binding motif for targeted pol-
yubiquitylation via the K48 linkage and subsequent proteasome
degradation (12). One exception is FBXW7-mediated poly-
ubiquitylation of XRCC4, which is through the K63 linkage, not
for degradation, but for facilitating the NHEJ repair (25). In this
study, we made several findings: First, FBXW7 has a pseudo-
substrate, LSD1. While FBXW7 selectively binds to LSD1 via its
consensus binding motif, it failed to promote LSD1 poly-
ubiquitylation, failed to reduce LSD1 levels, and failed to
shorten its protein half-life. Second, instead of being degraded by
FBXW7, LSD1 actually promotes FBXW7 self-ubiquitylation by
disrupting FBXW7 dimerization, although how it does so
through induced conformational change or via another mechanism
will await structural demonstration when cocrystallization of two
proteins becomes available. Third, LSD1 promotes FBXW7 pol-
yubiquitylation in a manner independent of its demethylase ac-
tivity, but dependent on its FBXW7 binding. Fourth, ubiquitylated
FBXW7 is degraded by an expected proteasome pathway, as well
as by a previously unknown lysosome pathway in a manner de-
pendent on p62, as evidenced by the observation that LSD1-
induced FBXW7 degradation can only be completely abrogated
by the combination of inhibitors for both pathways. Why cells need
to develop two independent pathways to degrade polyubiquitylated
FBXW7 is an interesting open question. It is possible that both are
safeguarding each other to ensure timely elimination of FBXW7
when cell proliferation is essential, given that FBXW7 is such a
powerful tumor suppressor. Finally, LSD1 abrogates FBXW7
functions in growth suppression, NHEJ repair, and radiation pro-
tection, establishing a demethylase-independent oncogenic mecha-
nism of LSD1 via FBXW7 targeting.
In summary, our study supports the following working model: In

normal cells with a low level of LSD1, FBXW7 forms a dimer to
act as an effective E3 ligase to promote ubiquitylation for protea-
somal degradation of oncoprotein substrates, leading to suppression
of cell outgrowth. In cancer cells with overexpressed LSD1,
LSD1 binds to FBXW7 in a demethylase-independent manner to
block FBXW7 dimerization and trigger its self-ubiquitylation,

followed by degradation via proteasome and p62-dependent ly-
sosome pathways, leading to accelerated growth (Fig. 5F).
This study identifies FBXW7 as having a pseudosubstrate,

which actually promotes its degradation via the p62-dependent
lysosomal pathway, in addition to the known proteasome pathway.
Our study also has a translational implication. The efforts to dis-
cover LSD1 demethylase inhibitors, some of them currently in
phase I/IIa clinical trials (41), should be extended to small mole-
cules that specifically bind to LSD1, not necessary to inhibit its
demethylase activity, for PROTAC-based degradation (45). This
type of LSD1-specific PROTAC drugs that trigger LSD1 degrada-
tion should have broad utility for the treatment of human cancers
harboring a wild-type FBXW7 with LSD1 overexpression, as well as
for immunotherapy in combination with PD-L1 blockade (46).

Materials and Methods
Generation of MEF Cells. MEF cells were derived from the Fbxw7flox/flox mouse
strain, a gift from I. Aifantis, NYU School of Medicine, New York, NY (47) or
Lsd1flox/flox mouse strain, a gift from S. Orkin, Harvard Medical School, Bos-
ton, MA (30). The Atg5+/+ and Atg5−/− MEF cells were a gift from N. Miz-
ushima, Riken BioResource Center Cell Bank (cellbank@brc.riken.jp). The
MEF cells were maintained as described in ref. 48. Briefly, MEFs were gen-
erated from day E13.5 embryos and cultured in DMEM with 15% FBS, 2 mM
L-glutamine, and 0.1 mMMEM nonessential amino acids at 37 °C in a 5% CO2

humidified chamber. MEF cells were infected with adenoviruses expressing
Cre recombinase (Ad-Cre) to delete the Fbxw7 or Lsd1 allele along with Ad-
GFP as a control. All animal studies were approved and conducted in ac-
cordance with the guidelines established by the Committee on Use and Care
of Animals at the University of Michigan (UM approval RPO00006919).

Site-Directed Mutagenesis. Various LSD1 or FBXW7 mutants were generated
using the QuikChange XL Site-DirectedMutagenesis Kit (Agilent). Mutants were
designated as follows: LSD1-M1, T805A; LSD1-M2, T805A+S809A; LSD1-M3,
K661A+T805A+S809A; and FBXW7-DD, A252D+L253D+L256D+I257D (35).

The In Vivo and In Vitro Ubiquitylation Assay. HEK293 or H1299 cells were
transfected with various plasmids or siRNAs. Approximately 48 h later, the
transfected cells were treated with MG132 (10 μM) for 4 h before harvesting.
The in vivo ubiquitylation assays were performed after Ni-NTA bead purifi-
cation of ubiquitylated proteins, as described in ref. 49. For the in vitro
ubiquitylation assays, HA-tagged FBXW7-WT (or FBXW7-ΔF) E3 was pre-
cipitated by HA beads from HEK293 cells and eluted with HA peptide, FLAG-
tagged LSD1-WT (or LSD1-K661A) was pulled down by FLAG beads and
eluted with FLAG peptide (Sigma), followed by incubation of FBXW7 with or
without LSD1 in the presence of E1 and E2 in a ubiquitin reaction buffer
[1.5 mM MgCl2, 5 mM KCl, 1 mM DTT, 20 mM Hepes (pH 7.4)] for 60 min
under constant vortexing at 30 °C. Polyubiquitinated FBXW7 was resolved by
SDS/PAGE and detected by immunoblotting (IB) with anti-HA Ab.

The In Vitro Demethylase Activity Assay. LSD1 demethylase activity on free
histones was carried out by the in vitro assay, as described in ref. 1. Briefly,
peptides corresponding to the N-terminal 21 amino acids of histone H3 with
dimethylated K4 residue (H3K4-Me2, AA1-21) were incubated with purified
FLAG-LSD1 with or without purified HA-FBXW7 in the histone demethylase
activity (HDM) assay buffer [50 mM Tris (pH 8.5), 50 mM KCl, 5 mM MgCl2,
0.5% BSA, and 5% glycerol] for 1 h at 37 °C. The demethylase activity of
LSD1 was evaluated by dot blotting using H3K4-Me2 specific antibody.

FBXW7 Dimerization Assay. For in vivo dimerization assay, FBXW7 and
LSD1 plasmids with different tags were transfected individually or in com-
binations. The cell lysates were immunoprecipitated (IP) with anti-FLAG or
anti-HA antibodies, followed by IB with various antibodies.

For in vitro dimerization assay, FLAG-LSD1 (WT/M2) andHA-FBXW7 constructs
were transfected intoHEK293 cells. Cellswere treatedwithnocodazole (50ng/mL)
48 h posttransfection for 8 h, and anti-FLAG/HA immunoprecipitation was
performed to affinity-purify LSD1/FBXW7 proteins. The proteins were eluted out
using 3XFLAG/HA peptide (from Sigma), and eluted HA-FBXW7 proteins were
incubatedwith increasingdoses (0, 0.3, 1, or 3mM)of eluted FLAG-LSD1 (WT/M2)
proteins as described previously (20, 35), followed by GFP-FBXW7
immunoprecipitation. The resolving proteins were resolved by SDS/PAGE.

The In Situ PLA. The assay was performed as described previously (36, 50).
Briefly, the HEK293 cells were cotransfected with plasmids expressing
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Fig. 5. LSD1 inhibits the cellular functions of FBXW7. (A and B) H1299 (A) or paired HCT116-FBXW7+/+ or −/− (B) cells were transfected with indicated plasmids
or siLSD1 for 48 h, then switched to fresh medium containing 2% FBS for 72 h (A), or switched to fresh medium containing 10% FBS for 72 h, followed by
ATPlite proliferation assay. (C) LSD1 impairs the recruitment of GFP-FBXW7 to DNA damage sites. HeLa cells were transfected with GFP-FBXW7 and FLAG-
LSD1-WT or its mutants as indicated, followed by laser-beam microradiation. Localization of GFP-FBXW7 to DNA damage sites were visualized and photo-
graphed. (Scale bar: 10 μm.) (D) LSD1 impairs FBXW7-mediated NHEJ. Cells were transfected with indicated plasmids for 48 h, then transfected with linearized
pEYFP plasmid (by NheI digestion), and analyzed by qPCR 12 h later using one set of primers (designated as P1), flanking the ligated pEYFP region. Shown is
mean ± SEM from three independent experiments with normalization to an uncut flanking DNA sequence. *P < 0.05, **P < 0.01; ***P < 0.001. (E)
LSD1 impairs FBXW7-mediated radioprotection. HCT116-FBXW7−/− cells were transfected with indicated plasmids, then irradiated with indicated doses,
followed by clonogenic survival assay. Data are presented as mean ± SEM of three repeats. (F) Proposed working model for LSD1 regulation of FBXW7. In cells
with low levels of LSD1, FBXW7 forms active dimer to promote ubiquitylation and degradation of oncoprotein substrates to suppress the growth. In cells with
high levels of LSD1, LSD1 binding of FBXW7 prevents its dimerization, leading to FBXW7 self-ubiquitylation, followed by degradation by proteasome and
p62-dependent lysosome pathways. NS, no significance.
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FBXW7-FLAG and FBXW7-MYC combined with HA-LSD1, along with the
vector for 24 h. Cells were seeded on coverslips and treated with CQ and
MG132. Cells were then washed with ice-cold PBS, fixed, permeabilized, and
incubated with mouse anti-MYC (Sigma-Aldrich) and rabbit anti-FLAG
(Sigma-Aldrich) primary antibodies and then stained using Duolink In Situ
Fluorescence kit (Sigma-Aldrich), according to the manufacturer’s recom-
mendation. The images were taken using a fluorescence microscope with
the appropriate filter. The Duolink PLA signal is recognized as discrete
fluorescent spots in various locations of the studied cells. PLA images were
collected using Olympus Cellsense Dimension acquisition software from
several fields of view per condition. Fluorescent intensity was quantified
from at least 30 cells in each group using Duolink ImageTool (Sigma-Aldrich).

Microirradiation. Cells were seeded onto glass-bottom dishes (MatTek) and
transfected with pEGFP-FBXW7α with or without cotransfection of FLAG-
LSD1 (WT and mutants). GFP-positive cells were then irradiated with a
365-nm UVA laser focused through a 60 ×/1.2-W objective using a Zeiss
Axiovert equipped with LSM 520 Meta. UVA (4.36 J/m2) was introduced to an
area of ∼12 × 0.1 mm. Images were captured with indicated time intervals.

NHEJ Linearized Plasmid Assay. For the linearized plasmid-based end-joining
assay, pEYFP-N1 (Clontech Laboratories) was linearized by digestion between
the promoter and coding sequence of EYFP with NheI. The linear products

were gel purified and transfected into serum-starved (overnight) cells. After
12 h, the cells were harvested and lysed to isolate transfected plasmids. The
efficiency of end-joining repair was assessed by qPCR of the ligated EYFP
region using two sets of primers (termed as P1/P2) for detecting NHEJ activity
independently, followed by normalization to an uncut flanking DNA se-
quence. Their sequences are as follows: P1 set, P1-F 5′-GCTGGTTTAGT-
GAACCGTCAG-3′ and P1-R 5′-GCTGAACTTGTGGCCGTTTA-3′; P2 set, P2-F 5′-
CAACGGGACTTTCC AAAATG-3′ and P2-R 5′-CTCCTCGCCCTTGCTCAC-3′. The
primer set for uncut control is NCont-F 5′-TACATCAATGGGCGTGGATA-3′
and Ncont-R 5′-AAGTC CCGTTGATTTTGGTG-3′.

Quantification and Statistical Analysis.Datawith two groupswere analyzed by two-
tailed Student’s t tests, and data with multiple groups were analyzed by one-way
ANOVA, followed by Bonferroni post hoc test using GraphPad Prism statistical
programs (GraphPad Prism). Results were expressed as mean ± SEM from
three independent assays. P < 0.05 was considered statistically significant.
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