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The Long-Lost Ligase:
CRL4AMBRA1 Regulates the Stability of D-Type Cyclins

Andrea C. Chaikovsky,1,2,i Julien Sage,1,2,ii Michele Pagano,3–5,iii and Daniele Simoneschi3,4,iv

D-type cyclins (cyclin D1, D2, and D3, together cyclin D) are central drivers of the cell division cycle and well-
described proto-oncoproteins. Rapid turnover of cyclin D is critical for its regulation, but the underlying mechanism
has remained a matter of debate. Recently, AMBRA1 was identified as the major regulator of the stability of all three
D-type cyclins. AMBRA1 serves as the substrate receptor for one of *40 CUL4-RING E3 ubiquitin ligase (CRL4)
complexes to mediate the polyubiquitylation and subsequent degradation of cyclin D. Consequently, AMBRA1
regulates cell proliferation to impact tumor growth and the cellular response to cell cycle-targeted cancer therapies.
Here we discuss the findings that implicate AMBRA1 as a core member of the cell cycle machinery.
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Introduction

Cell division is a complex multistep process that must
be tightly regulated for proper development and tissue

homeostasis, and its dysregulation lies at the heart of cancer.
Initiating cell division requires the integration of multiple
intra- and extracellular growth cues. Cyclin D couples these
signals to the initiation of DNA replication, thereby acting
as a key driver of the cell cycle (Choi and Anders, 2014).

In response to growth stimuli, cyclin D begins to accu-
mulate early in the G1 phase of the cell cycle. Cyclin D
binds and activates cyclin-dependent kinases 4 and 6
(CDK4/6), which, in turn, phosphorylate the retinoblastoma
(RB) family of proteins, freeing the E2F transcription fac-
tors to turn on genes necessary for DNA replication and cell
cycle progression. Precise regulation of cyclin D levels is,
therefore, fundamental to proper cell division. Accordingly,
loss of all D-type cyclins is embryonic lethal (Kozar et al.,
2004), whereas too much cyclin D drives cancer (Sherr,
1996; Qie and Diehl, 2016). Although the rapid turnover of
cyclin D is a well-established and critical facet of its regu-
lation (Sherr, 1995; Qie and Diehl, 2020), we are continuing
to uncover important details of the underlying mechanism,
shedding new light on our understanding of the cell cycle.

Degradation of Cyclin D
by the Ubiquitin-Proteasome System

Similar to other cyclins, cyclin D is regulated in a cell
cycle-dependent manner, in part, through targeted degra-
dation by the ubiquitin-proteasome system. Cyclin D has a
short half-life throughout the cell cycle (Guo et al., 2002);
however, phosphorylation of a C-terminal degron acceler-
ates polyubiquitylation and degradation of cyclin D at the
G1/S transition, and cyclin D levels remain low throughout
S phase (Diehl et al., 1997; Guo et al., 2005). Stabilized
phosphomutant cyclin D accelerates proliferation and pro-
motes tumor growth in mouse models (Lin et al., 2007),
indicating that the rapid turnover of cyclin D helps restrain
CDK4/6 activity and maintain proper cell cycle control.

Nevertheless, the identity of the E3 ubiquitin ligase re-
sponsible for ubiquitylating cyclin D has remained a long-
standing matter of debate. Previous studies have attributed
the regulation of cyclin D to several SKP1-CUL1-F-box
protein (SCF) E3 ubiquitin ligase complexes, which belong
to the larger family of cullin-RING E3 ubiquitin ligases
(CRLs) (Lee and Zhou, 2010). Each CRL is a multisubunit
complex composed of a cullin scaffold, a RING-box protein
that binds E2 enzymes, an adaptor protein, and a substrate

Departments of 1Pediatrics and 2Genetics, Stanford University, Stanford, California, USA.
3Department of Biochemistry and Molecular Pharmacology, 4Laura and Isaac Perlmutter Cancer Center, and 5Howard Hughes Medical

Institute, NYU Grossman School of Medicine, New York, New York, USA.
iORCID ID (https://orcid.org/0000-0003-1842-5384).
iiORCID ID (https://orcid.org/0000-0002-8928-9968).

iiiORCID ID (https://orcid.org/0000-0003-3210-2442).
ivORCID ID (https://orcid.org/0000-0003-0448-4295).

ª Andrea C. Chaikovsky et al. 2021; Published by Mary Ann Liebert, Inc. This Open Access article is distributed under the terms of the
Creative Commons Attribution Noncommercial License [CC-BY-NC] (http://creativecommons.org/licenses/by-nc/4.0/) which permits any
noncommercial use, distribution, and reproduction in any medium, provided the original author(s) and the source are cited.

DNA AND CELL BIOLOGY
Volume 40, Number 12, 2021
Mary Ann Liebert, Inc.
Pp. 1457–1461
DOI: 10.1089/dna.2021.0659

1457

https://orcid.org/0000-0003-1842-5384
https://orcid.org/0000-0002-8928-9968
https://orcid.org/0000-0003-3210-2442
https://orcid.org/0000-0003-0448-4295
http://creativecommons.org/licenses/by-nc/4.0/


receptor that specifies target substrates. A family of F-box
proteins (69 in human) serves as the substrate receptors of
SCFs. Multiple F-box proteins have been reported to target
cyclin D1 (reviewed by Qie and Diehl, 2020), and distinct
F-box proteins have been linked to cyclin D2 and cyclin D3
(Chen et al., 2012a, 2012b; Yoshida et al., 2021). Still other
studies have implicated the anaphase promoting complex/
cyclosome (APC/C) in cyclin D1 ubiquitylation (Agami and
Bernards, 2000; Pawar et al., 2010). However, a 2012 study
by Kanie and colleagues found that deletion of up to four
F-box proteins purportedly targeting cyclin D1 (FBXO4,
FBXW8, FBXO31, and SKP2) had no effect on cyclin D1
stability (Kanie et al., 2012). Inhibition of CUL1 or APC/C
also failed to increase the half-life of cyclin D1. Although
these experiments did not exclude the possibility that pre-
viously reported complexes may regulate cyclin D stability
in some contexts, they strongly suggested the existence of
another E3 ubiquitin ligase responsible for ubiquitylation
and degradation of cyclin D.

An Unexpected Role for an Understudied E3
Ubiquitin Ligase

In independent studies (Chaikovsky et al., 2021; Simo-
neschi et al., 2021), our groups found that the E3 ubiquitin
ligase in question was not the SCF complex, but rather
CRL4, guided by the substrate receptor AMBRA1. AM-
BRA1 is a large mostly unstructured protein that has pre-
viously been associated with a variety of cellular functions,
including autophagy, proliferation, and apoptosis (Cianfa-
nelli et al., 2015a). AMBRA1 was first identified as DDB1
and CUL4-associated factor 3 (DCAF3), a member of the
family of substrate receptors for CRL4 (Jin et al., 2006);
however, only one protein, Elongin C, had previously been
proposed to be ubiquitylated by CRL4AMBRA1 (Chen et al.,
2018). We found that loss of AMBRA1 stabilizes all three
D-type cyclins in every context examined, including ma-
lignant and untransformed human cell lines, developing
mouse embryos, and mouse tumor models. Furthermore,
AMBRA1 binds cyclin D, and these interactions are en-

hanced upon cyclin D phosphorylation. Recurrent mutations
at and around the phosphodegron are found in all three
D-type cyclins in human tumors, and these mutations disrupt
AMBRA1 binding. Thus, AMBRA1 plays a prominent role
in limiting the levels of D-type cyclins in cells.

Loss of AMBRA1 leads to many of the same cellular
phenotypes as overexpression of cyclin D. AMBRA1-null
cells exhibit higher levels of CDK4/6 activity and RB
phosphorylation. In some cell lines, this leads to shorter G1
duration and faster basal proliferation rates. In fact, data
from the Cancer Dependency Map show that, across hun-
dreds of human cancer cell lines, the consequences of
AMBRA1 loss on cell proliferation are highly correlated
with loss of multiple members of the RB pathway. Using
this data set to group genes into co-essential modules—
indicative of related cellular functions—a recent study
grouped AMBRA1 with known cell cycle genes (Wainberg
et al., 2021). Of note, AMBRA1 did not map to the module
encompassing autophagy genes. Furthermore, using mass
spectrometry to compare the proteomes of wild-type and
AMBRA1 knockout cells, we found relatively few proteins
to be upregulated in the absence of AMBRA1, and D-type
cyclins (and their binding partners CDK4 and p27) were the
most dramatically upregulated. Therefore, AMBRA1’s role
in regulating cyclin D appears to be one of its most conse-
quential functions across cell types.

AMBRA1 in Cancer

Cyclin D is a well-described proto-oncoprotein, so, it is
perhaps unsurprising that AMBRA1 acts as a tumor sup-
pressor. A previous study reported increased incidence of
spontaneous tumors in mice lacking one copy of Ambra1
(Cianfanelli et al., 2015b). We expanded upon these find-
ings using genetically engineered mouse models and xe-
nograft models to show that loss of AMBRA1 accelerates
tumor growth in multiple cancer types, including diffuse
large B cell lymphoma and lung adenocarcinoma (LUAD)
(Fig. 1). Data from The Cancer Genome Atlas indicate that
low AMBRA1 expression correlates with worse overall

FIG. 1. AMBRA1 in can-
cer. CRL4AMBRA1 ubiquity-
lates cyclin D for
proteasomal degradation.
Loss of AMBRA1 leads to
high levels of cyclin D,
which promotes the growth
of multiple cancer types,
such as DLBCL and LUAD,
and decreases the sensitivity
of cancer cells to CDK4/6
inhibitors. Created with
BioRender.com. DLBCL,
diffuse large B cell lympho-
ma; LUAD, lung adenocar-
cinoma.
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survival in several cancer types. Interestingly, in the case
of LUAD, this correlation is only observed in patients with
KRAS-mutant tumors, suggesting that genetic context im-
pacts the tumor suppressive function of AMBRA1. Whe-
ther such context specificity is related to the regulation of
cyclin D or other potential functions of AMBRA1 remains
unclear.

AMBRA1 status may also play an important role in how
cancer cells respond to treatment, as we found that loss of
AMBRA1 decreases cellular sensitivity to small molecule
inhibitors of CDK4/6 (Fig. 1). CDK4/6 inhibitors have been
approved for the treatment of hormone receptor-positive
breast cancer and are currently being tested in several other
cancer types. However, inherent and acquired resistance
present a major clinical challenge, and identifying mecha-
nisms of resistance is an active area of investigation
(Schoninger and Blain, 2020). In the absence of AMBRA1,
high levels of cyclin D increase the levels of active
p27-cyclin D-CDK4 trimers, which have been shown to be
unable to bind the CDK4/6 inhibitor palbociclib (Guiley
et al., 2019). In addition, accumulated cyclin D binds
CDK2, forming ‘‘atypical’’ cyclin-CDK complexes that can
phosphorylate RB and are impervious to CDK4/6 inhibitors.
Thus, AMBRA1 loss, as well as other mechanisms that
acutely upregulate cyclin D, may represent important
mechanisms of resistance to CDK4/6 inhibition. At the same
time, we observed that AMBRA1 loss leads to more potent
resistance to CDK4/6 inhibitors than overexpression of
stabilized cyclin D1 alone, suggesting that additional
mechanisms in AMBRA1-null cells may contribute to
CDK4/6 inhibitor resistance.

Revisiting the Model of Cyclin D Degradation

Although many phenotypic consequences of AMBRA1
loss match what we expect from cyclin D stabilization, re-
visiting the current model of cyclin D degradation is war-
ranted in light of our recent findings (Fig. 2). First, in the
current model of cyclin D degradation, cyclin D is exported
to the cytoplasm before ubiquitylation and degradation.
However, AMBRA1 works specifically with CUL4B to
ubiquitylate cyclin D. Unlike CUL4A, CUL4B contains a
nuclear localization signal at the N-terminus (Zou et al.,
2009), suggesting that CRL4AMBRA1 ubiquitylates cyclin D in
the nucleus. Accordingly, immunofluorescence experiments
revealed that AMBRA1 localizes to the nucleus, and upon
proteasome inhibition or AMBRA1 loss, cyclin D accumu-
lates in the nucleus. In addition, inhibition of nuclear export
with leptomycin B does not stabilize cyclin D, as would be
expected if cyclin D is degraded solely in the cytoplasm. It
remains possible that nuclear export of phosphorylated cyclin
D provides a secondary mechanism to quickly evict cyclin D
from the nucleus at the G1/S transition, but the evidence thus
far suggests that AMBRA1-mediated ubiquitylation and
degradation of cyclin D occurs in the nucleus.

In the current model, cyclin D ubiquitylation and degra-
dation occurs primarily at the G1/S transition, ensuring low
levels of cyclin D in S phase. However, constant growth
factor signaling, which drives transcription of CCND genes,
is required throughout G1 to maintain cyclin D expression
(Matsushime et al., 1991). Moreover, a recent study using
live imaging of fluorescently tagged cyclin D1 confirmed
that cyclin D1 is actively degraded in all cell cycle phases

FIG. 2. A potential new model of cyclin D ubiquitylation. Schematics of the current (left) and revised (right) models of
cyclin D ubiquitylation. Identification of CRL4AMBRA1 as the main regulator of cyclin D stability suggests that cyclin D
ubiquitylation occurs in the nucleus and may occur throughout the cell cycle. The identity of the major cyclin D kinase(s)
warrants further investigation. Created with BioRender.com.
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(Min et al., 2020). In cells lacking AMBRA1, steady-state
levels of cyclin D1 are elevated in all cell cycle phases.
Hence, CRL4AMBRA1 may ubiquitylate cyclin D in all
phases, with phosphorylation of cyclin D enhancing the rate
of ubiquitylation at the G1/S transition, when cyclin D
levels must remain low to avoid DNA replication defects
(Pagano et al., 1994; Maiani et al., 2021). Further studies
are needed to clarify whether AMBRA1 regulates cyclin D
in a cell cycle-dependent manner.

Finally, given the role of phosphorylation in regulating
cyclin D degradation, identifying the major kinase(s) re-
sponsible is a key area of interest. Previous studies have
implicated glycogen synthase kinase-3b (GSK-3b) as the
major cyclin D kinase (e.g., Diehl et al., 1998). However,
other groups have found no effect of GSK-3b activity on
cyclin D levels (e.g., Yang et al., 2006; Alao, 2007). Al-
though it is possible that multiple kinases phosphorylate
cyclin D in different contexts, the conflicting data highlight
the need for a systematic characterization of cyclin D ki-
nase(s). Hopefully, insights gleaned from the identification
of CRL4AMBRA1 as the major E3 ubiquitin ligase targeting
cyclin D for degradation will aid this endeavor.

Conclusion

Decades after cyclin D was first discovered, we have an-
swered a long-standing question about its regulation, dem-
onstrating that CRL4AMBRA1 serves as a major E3 ubiquitin
ligase targeting cyclin D for degradation. AMBRA1 is thus a
critical cell cycle gene with a direct role in regulating the RB
pathway. Going forward, it would be interesting to under-
stand how AMBRA1 itself is regulated, both with relation to
the cell cycle, as well as in light of the multiple functions that
have previously been ascribed to this protein. Multiple AM-
BRA1 isoforms are annotated in the human genome; however,
it remains to be determined whether multiple protein isoforms
exist in cells, and, if so, how their functions differ. Finally,
the impact of AMBRA1 in tumor growth appears to be
context specific. Understanding the contexts in which AM-
BRA1 is a potent tumor suppressor may provide new insight
into AMBRA1 function, the relationship between the RB
pathway and tumor growth, and the response of tumors to
certain therapeutics, such as CDK4/6 inhibitors.
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