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Abstract

BRAF drives tumorigenesis by coordinating the activation of RAS/RAF/MEK/ERK oncogenic
signaling cascade. However, upstream pathway(s) governing BRAF kinase activity and protein
stability remains undefined. Here, we report that in primary cells with active APCFZR1 ApCFZR1
earmarks BRAF for ubiquitination-mediated proteolysis, while in cancer cells with APC-free
FZR1, FZR1 suppresses BRAF through disrupting BRAF dimerization. Moreover, we identified
FZR1 as a direct target of ERK and CYCLIN D1/CDK4 kinases. Phosphorylation of FZR1
inhibits APCFZR1 |eading to elevation of a cohort of oncogenic APCFZR substrates to facilitate
melanomagenesis. Importantly, CDK4 and/or BRAF/MEK inhibitors restore APCFZR1 E3 ligase
activity, which might be critical for their clinical effects. Furthermore, £.ZR1 depletion co-operates
with AKT hyper-activation to transform primary melanocytes, while genetic ablation of Fzr1
synergizes with Ptenloss, leading to aberrant co-activation of BRAF/ERK and AKT signaling in
mice. Our findings therefore reveal a reciprocal suppression mechanism between FZR1 and BRAF
in controlling tumorigenesis.
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INTRODUCTION

The Anaphase-Promoting Complex/Cyclosome (APC/C, also named APC) ubiquitin E3
ligase is essential for cell cycle progression through the M/G1 phases largely by controlling
the proteolytic degradation of key cell cycle regulators including mitotic cyclins and DNA
replication factors (1). Notably, unlike CDC20, which has restricted function in M phase, its
close homologue, Fizzy-related protein 1 (FZR1, also named Cdhl), associates with the
APC core complex in late M phase and early G1 phase and determines G1 phase cell cycle
fate decisions (2). During the remainder of the cell cycle, phosphorylation of FZR1 by CDK
kinases abolishes the interaction between FZR1 and the APC core complex, therefore
inhibiting APC-dependent functions of FZR1 (3-6). Although the APC-dependent functions
of FZR1 have been well documented (7), how APC-free FZR1 participates in various
cellular processes is just beginning to be uncovered (8). To this end, we have recently
demonstrated an APC-independent function of FZR1 in positive regulation of the ubiquitin
E3 ligase activity of SMURFL1 to influence osteoblasts differentiation (9). However, APC-
independent functions of FZR1 in controlling tumorigenesis, as well as in other cellular or
tissue contexts, remain largely elusive.

There is mounting evidence indicating a tumor suppressive role for FZR1 (8). Consistent
with this notion, most FZR1 substrates including mitotic and S phase cyclins (10), mitotic
kinases (11) and DNA replication factors (12), are frequently overexpressed in a wide
spectrum of human malignancies (8). Moreover, FZR1 deletions, reduced expression and
mutations are found in various human tumor tissues (13, 14). Furthermore, while FZR1
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homozygous deletion results in embryonic lethality, FZR1 heterozygous mice are more
susceptible to developing epithelial tumors (15). In addition, our recent studies revealed a
crucial role of APCFZR1 in controlling melanocytes differentiation and pigmentation (16).
However, the molecular mechanisms underlying how loss of £ZR1 induces tumorigenesis
still remain largely unclear. Hence, it is important to define the major downstream oncogenic
signaling pathway(s) that are negatively regulated by the FZR1 tumor suppressor, which will
further define the critical role of FZR1 in tumorigenesis.

The RAF family of protein kinases consist of ARAF, BRAF and CRAF isoforms, which
play a central role in driving tumorigenesis through activation of the MEK/ERK oncogenic
signaling cascade (17). Notably, although cancer-associated BRAF mutants were found in
over 60% melanoma and thyroid cancer patients (18), in other types of cancers, BRAF
genetic status is largely wild type (WT) (19). Therefore, it is important to understand
mechanistically how BRAF is aberrantly upregulated or hyper-activated in human cancers
with WT-BRAF. This valuable information will provide further insights to guide novel
targeted therapy strategies to efficiently treat cancer patients carrying WT-BRAF.

On the other hand, the BRAFVEU9E gncogenic mutation has become a major drug target in
developing targeted therapeutics against BRAFY69%0E_driven cancers including melanoma
(20, 21). Although anti-BRAFY60E inhibitors including vemurafenib (PLX4032) (22) and
dabrafenib (23) were approved in treating melanoma patients harboring this mutation, drug
resistance is frequently reported (24), suggesting a limitation of single agent treatment.
Recent clinical trials have adopted combinational strategies by using BRAFV600E inhibitor
together with another compound targeting either MEK, CDK4/6, PI13K or HSP90 to increase
efficiency and to improve survival (25, 26). However, mechanistically how these
combinational therapies suppress tumor growth remains poorly defined. Our findings
reported here illustrate an inverse correlation between the ability of FZR1 to suppress BRAF
activity and the aggressiveness of tumor developmental stages.

Depletion of FZR1 Leads to BRAF Accumulation and Subsequent Activation of ERK

We and others have previously demonstrated that acute depletion of £ZRZ in human primary
fibroblasts leads to premature senescence (27, 28). Consistent with a critical role for
BRAF/ERK signaling in triggering senescence in melanocytes (29), we found that BRAF
and p-ERK, but not other RAF proteins, were significantly upregulated in FZRI-depleted
human primary fibroblasts (Supplementary Fig. S1A), human primary melanocytes (HPM)
(Fig. 1A) and mouse melanocytes melan-a (Fig. 1B). Inhibiting APCFZR1 ysing a specific
APC inhibitor Apcin (30), which blocks the FZR1 substrate binding pocket, also resulted in
an upregulation of BRAF and its downstream p-ERK levels (Supplementary Fig. S1B). In
keeping with the oscillating nature of APCFZR1 E3 ligase activity during cell cycle
progression (1), in primary melanocytes-derived melan-a cells, both endogenous BRAF and
p-ERK levels decreased in the G1 phase where APCFZR1 js most active (Fig. 1C). Notably,
depletion of endogenous £ZR1 in melan-a cells resulted in stabilization of BRAF coupled
with elevated p-ERK across the cell cycle, supporting the notion that the BRAF signaling
pathway is negatively regulated by APCFZR1 in a cell cycle-dependent manner (Fig. 1C-D
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and Supplementary Fig. S1C). In further support of BRAF being a putative APCFZR1
downstream ubiquitin substrate, ubiquitination of endogenous BRAF was suppressed in
FZR1-depleted melanocytes (Fig. 1E), resulting in an extended half-life of endogenous
BRAF (Fig. 1F-G).

Additional depletion of endogenous BRAFin FZR1-knockdown HPM (Fig. 1H) and melan-
a cells (Supplementary Fig. S1D) largely suppressed FZRI-depletion triggered p-ERK
elevation, suggesting that FZR1 inhibits ERK activation primarily through BRAF.
Furthermore, depletion of other APC complex subunits, such as CDC27or APCI0, also
resulted in BRAF accumulation and ERK activation (Fig. 11-J). In contrast, depletion of
endogenous CDC20failed to elevate either BRAF or p-ERK levels (Fig. 1K). Together,
these data suggest that in primary cells, FZR1, but not CDC20, negatively regulates BRAF
abundance and subsequent ERK activation largely in an APC-dependent manner.

Depletion of FZR1 Triggers Senescence in Primary Melanocytes

As hyper-activation of the RAF/MEK/ERK signaling cascade has been closely linked to nevi
formation composed of senescent melanocytes (29), we sought to investigate whether acute
depletion of FZR1 could also result in similar senescent phenotype in primary melanocytes
as it does in human primary fibroblasts (27). Notably, compared with control cells, a marked
increase of Senescence-Associated p-galactosidase (SA-B-gal) positive cells was observed in
FZR1-depleted HPM (Fig. 2A-B) and melan-a cells (Supplementary Fig. S2A-B),
indicating an accumulation of senescent cells 14 days after £ZR1 depletion. Depletion of
FZR1 also led to elevated expression of CDK inhibitors, p16!NK4A p15INK4B gnd p21 WAFL
in HPM (Fig. 2C) and p21WAFL in melan-a cells (Supplementary Fig. S2C), driving cell
cycle arrest upon FZR1 depletion (Fig. 2D and Supplementary Fig. S2D). As hyper-
activation of the RAS/RAF/ERK pathway has been reported to cause premature senescence
(31, 32), our results suggest that loss of a negative regulatory mechanism of BRAF/ERK
signaling pathway by FZR1 may lead to the onset of premature senescence. In support of
this notion, we found that compared to normal human skin, human revs, which is composed
of largely senescent melanocytes (33), exhibited relatively lower FZR1 expression (34)
(Supplementary Fig. S2E).

To gain further insight into FZR1-regulated melanocyte senescence, we found that in FZR1-
depleted human primary melanocytes, re-introducing WT-FZR1 largely rescued the
senescent phenotype (Fig. 2E-F), leading to escape from growth arrest phenotype
(Supplementary Fig. S2F), in part by suppressing the elevated expression of p16/NK4A and
p21WAFL that is associated with depleting £ZR1 (Fig. 2G). Notably, this effect was not
observed in the cells reintroduced the E3 ligase-deficient AC-box-FZR1 mutant (Fig. 2E-G
and Supplementary Fig. S2F-G), which is unable to associate with the APC core complex
(35). This result indicates an APC-dependent function of FZR1 in controlling BRAF
signaling in primary melanocytes. Moreover, additional depletion of BRAF largely reversed
the senescence phenotype in F.ZRI-depleted melanocytes (Fig. 2H-J and Supplementary
Fig. S2H). Consistently, the MEK inhibitor PD0325901 (36) could also largely reverse
FZR1-depletion induced senescence (Fig. 2K-L and Supplementary Fig. S2I), in part by
suppressing FZR1 loss-induced upregulation of p16'NK4A and p21WAFL (Sypplementary Fig.
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S21J). These results suggest that depletion of FZR1 triggers the onset of premature
senescence in primary melanocytes mainly through activation of the BRAF/MEK/ERK
signaling cascade.

BRAF is an APCFZR1 Upiquitin Substrate in primary melanocytes

In support of APCFZR1 as a negative upstream regulator for BRAF, BRAF interacted with
FZR1, the substrate recruiting subunit for the APCFZR1 E3 ligase complex, in cells (Fig.
3A-B and Supplementary Fig. S3A) and /in vitro (Fig. 3C). Notably, BRAF was able to
specifically interact with FZR1, but not CDC20 (Fig. 3A). Furthermore, FZR1 was co-
immunoprecipitated with BRAF, but not CRAF, in cells (Supplementary Fig. S3B).
Although FZR1 could also interact with ARAF in an ectopic expression condition, FZR1
only promoted the degradation of BRAF, but not ARAF (Supplementary Fig. S3C),
supporting BRAF as a specific APCFZR1 upiquitin substrate. Similar to other FZR1
substrates, BRAF specifically bound to the WD40 domain of FZR1 (37) (Supplementary
Fig. S3D-E). Ectopic expression of FZR1, but not CDC20, led to BRAF downregulation
(Fig. 3D), which could be largely abolished by the 26S proteasome inhibitor, MG132 (Fig.
3E). However, the E3 ligase activity-deficient mutant AC-box-FZR1 failed to promote
BRAF degradation (Fig. 3F), indicating that APCFZR1 controls BRAF abundance probably
through ubiquitination-mediated proteolysis.

As most APCFZR1 substrates contain a destruction box (D-box) motif [RxxLx(2-5)N/D/E]
(38), examination of the BRAF sequence revealed four putative D-boxes within its coding
region (Fig. 3G and Supplementary Fig. S3F). Deletion of D-box 4 (AD4), and to a much
lesser extent, D-box 3 (AD3), but not D-Box 1 or D-box 2, conferred a moderate resistance
to FZR1-mediated BRAF degradation in cells (Supplementary Fig. S3G), indicating that D-
box 4 is the primary degron motif. To minimize the impact of altering amino acids in the
BRAF protein, we generated a D-box 4 mutated version of BRAF (D4-RLAA, Fig. 3G).
Similar to AD4-BRAF, D4-RLAA-BRAF exhibited a noticeable resistance to FZR1-
mediated degradation (Fig. 3H), in part due to impaired interaction with FZR1 (Fig. 31-J).

In addition, we identified a cancer patient-derived mutation within D-box 4 (R671Q,
mutation Id COSM159405, cancer.sanger.ac.uk and Fig. 3G), and further showed that
analogous to D4-RLAA, the R671Q-BRAF mutant failed to interact with FZR1 (Fig. 31-J),
which might allow it to escape FZR1-mediated ubiquitination and subsequent degradation to
favor tumorigenesis. In keeping with a critical role of D-box 4 in mediating BRAF
ubiquitination by APCFZR1 compared to WT-BRAF, D4-RLAA-BRAF was insensitive to
APCFZRL_promoted ubiquitination (Fig. 3K—L), thereby displaying an extended half-life
(Fig. 3M-N) and relatively elevated abundance in the G1 phase (Supplementary Fig. S3H).

Notably, ultraviolet irradiation is a well-characterized risk factor for developing melanoma
(39, 40). To this end, previous reports showed that acute UV radiation leads to FZR1
degradation and accumulation of APCFZR1 substrates (41, 42). Consistently, we found that
UV exposure resulted in a reduction of FZR1 protein abundance in melan-a, HBL and A375
cells (Supplementary Fig. S31-K). Of note, in normal melanocyte melan-a, UV-triggered
FZR1 downregulation led to the accumulation of both BRAF and PLK1 (Supplementary
Fig. S31). In contrast, in melanoma cells HBL and A375 (Supplementary Fig. S3J-K),
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although FZR1 protein abundance decreased upon UV treatment, BRAF and PLK1 protein
levels were largely unaffected. This result indicates that APCFZR1 might be more active in
primary cells to target BRAF for proteolysis. Altogether, these data demonstrate that in the
primary melanocyte setting, APCFZR1 controls the ubiquitination and subsequent
degradation of BRAF in a D-box-dependent manner (Supplementary Fig. S3L).

Depletion of FZR1 in Cancer Cells Leads to ERK Activation Independent of APC

Consistent with results obtained in primary cells (Fig. 1A and Supplementary Fig. S1A),
depletion of FZR1in OVCARS, HBL, WM3670, U20S, HEK293 and H1755 cell lines, led
to p-ERK upregulation (Fig. 4A-C and Supplementary Fig. S4A-C). However, unlike in
normal cells, depletion of £ZR1 did not significantly elevate BRAF abundance in these
cancer or transformed cell lines (Fig. 4A-C and Supplementary Fig. S4A-C), which may be
in part due to elevated CDK activity that has been shown to inhibit APCFZR1 E3 ligase
activity (3-6). Additionally, compared to well-characterized APCFZRI substrates such as
PLK1, BRAF displayed reduced binding to both FZR1 and APC10 (Supplementary Fig.
S4D-E), presumably due to lacking a canonical APC10 binding motif (43) (Supplementary
Fig. S4F). Given that APC10 also participates in recognizing APC substrates (44)
(Supplementary Fig. S4G), the lack of a strong interaction with APC10 indicates that BRAF
might be a relatively weak, or distributive, rather than processive substrate for APCFZR1
(45). On the other hand, ARAF, which binds to FZR1 (Supplementary Fig. S3B) but not
APC10 (Supplementary Fig. S4H), was resistant to FZR1-mediated degradation
(Supplementary Fig. S3C), presumably due to its inaccessibility to the APC core complex.
These results suggest that compared to other well-characterized strong APCFZR! substrates,
such as Hsl1, CYCLIN B1 and PLK1, BRAF is a weak APCFZR1 substrate likely due to the
observation that recruitment of BRAF to the APC core complex for proteolysis is relatively
inefficient, in part owing to its weaker interaction with APC10.

Interestingly, further depletion of endogenous BRAFin FZR1 knockdown OVCARS cells
largely attenuated the upregulation of p-ERK levels (Fig. 4D), indicating an indispensable
role for BRAF in mediating ERK activation upon loss of FZR1. Given that in tumor cells,
BRAF is largely refractive to APCFZR1-mediated degradation, FZR1 might utilize an
alternative mechanism to harness BRAF kinase activity, thereby restraining its downstream
MEK/ERK oncogenic signaling. In support of this notion, we found that re-introducing WT-
FZR1 or the APC-binding-deficient AC-box-FZR1, but not the non-BRAF-interacting N-
terminal-FZR1, could effectively suppress p-MEK and p-ERK in £ZRI-depleted OVCARS
cells (Fig. 4E). Given that the APC core complex is indispensable for FZR1-mediated
substrate ubiquitination and degradation (7), these results suggest that FZR1 might govern
MEK/ERK activation independent of APC E3 ubiquitin ligase activity.

In keeping with this notion, bacterially purified His-WT- and AC-box-FZR1, both of which
are APC-free, could efficiently inhibit the phosphorylation of GST-MEKZ1 by immuno-
purified BRAF kinase /n vitro (Fig. 4F). In addition, depletion of the core APC subunits,
APCI0, failed to influence the BRAF/MEK/ERK signaling cascade in HBL cells
(Supplementary Fig. S4l). These results directed our efforts to further define the molecular
mechanism by which FZR1 could possibly regulate BRAF activation through an APC-
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independent manner in the tumor cell settings (Supplementary Fig. S4J), where FZR1
mainly exists in an APC-free mode in part due to elevated CDK activities that promote
phosphorylation of FZR1, blocking its association with the APC core complex (38)
(Supplementary Fig. S4K).

FZR1 Disrupts BRAF Dimerization to Attenuate BRAF Activation in Tumor Cells

BRAF activation is under tight control by numerous mechanisms such as phosphorylation
and dimerization (46). As our previous report suggested a scaffolding role for FZR1 in
disrupting Smurfl dimerization independent of its APC E3 ligase activity (9), we next
sought to explore whether FZR1 could also regulate BRAF dimerization to control its
activation. Notably, ectopic expression of FZR1 abolished BRAF dimerization both in cells
(Fig. 4G-J) and /n vitro (Fig. 4K), supporting a pivotal role for FZR1 in regulating BRAF
dimerization independent of APC. In addition, utilizing gel filtration chromatography, single
molecule kinetic analysis (47, 48) and chemical crosslinking, we further demonstrated a
potent role for FZR1 in disrupting BRAF dimerization /in vitro (Fig. 4L and Supplementary
Fig. S4L) and in cells (Supplementary Fig. S4M). Furthermore, two FZR1 mutants, AC-box-
and AFizzy-FZR1 (Supplementary Fig. S2G), both of which are deficient in interacting with
the APC core complex (37), could disrupt BRAF dimer as effectively as WT-FZR1 (Fig.
4M). These results advocate a model that FZR1 largely disrupts the BRAF dimerization
process in an APC-independent manner.

Unlike WT-BRAF, the dimerization of FZR1-interaction deficient mutants, D4-RLAA- and
R671Q-BRAF (Fig. 3G and Supplementary Fig. 4N-0), could not be disrupted by FZR1
(Fig. 4N). In line with this finding, ectopic expression of FZR1 significantly suppressed p-
ERK levels induced by WT-BRAF, but not CRAF, ARAF (Supplementary Fig. S4P), or the
dimerization-deficient R509H-BRAF mutant that is relatively weak in activating ERK (49)
(Supplementary Fig. S4Q). More importantly, depletion of FZR1in T98G cells resulted in a
stabilization of p-ERK levels across the cell cycle without a significant impact on BRAF
protein abundance (Fig. 40). Together, these data reveal a possible mechanism through
which FZR1 suppresses BRAF activity by disrupting BRAF dimerization in cancer cells
(Fig. 4P).

Examination of the crystal structure of BRAF kinase domain (50) revealed that the D-box4
motif of BRAF is located on a surface loop region of the C-lobe of BRAF kinase domain
(Supplementary Fig. S4R). By docking the BRAF kinase domain onto the WD40 domain of
yeast Fzrl (Supplementary Fig. S4S) (51), we found that R671 of BRAF D-box4, which
extrudes outwards the kinase domain, could potentially form hydrogen bonds with acidic
residues of Fzr1-WD40 (Supplementary Fig. S4T-U). In addition, Y673 of BRAF D-box4
might interact with F286 of Fzr1-WD40 by aromatic stacking (Supplementary Fig. S4T).
However, different from the Acm1 D-box in the resolved yeast Fzrl-WDA40 structure
(Supplementary Fig. S4S) (51), the side chain of L674 in the BRAF D-box4 faces
backwards from Fzr1-WDA40, indicating that to properly insert the BRAF D-box into the D-
box binding pocket on the Fzr1-WD40, a conformational change on BRAF might be
required. This hypothesis might partly explain why FZR1 could disrupt BRAF dimerization
while the D-box4 motif is not located within the BRAF dimerization interface.
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In further support of this notion, the D-box 4 motif of BRAF mediating interaction with
FZR1 does not overlap with the BRAF-BRAF interacting surface (Supplementary Fig. S4R),
indicating a possible mechanism that FZR1 interferes with BRAF dimerization through an
interaction-induced conformational change, i.e. FZR1 might function as an allosteric
inhibitor for the BRAF dimerization (52). In line with this notion, the constitutive
dimerization of the BRAF-E586K mutant (53) could still be disrupted by FZR1
(Supplementary Fig. S4V-W). This observation thereby suggests an allosteric rather than a
competitive regulation of BRAF dimerization by FZR1, which warrants further in-depth
investigation.

In addition to V600E, many other BRAF oncogenic mutations or splicing variants have been
identified in human cancers (49, 50, 54). Among them, mutations in the P-loop of the BRAF
kinase domain (residues 464-469) have been categorized as dimerization-dependent
mutations (21). In contrast to BRAFY600E_expressing A375 cells, depletion of FZR1in
BRAF G469 mutated melanoma and lung cancer cell lines led to an elevation of BRAF
activity (Fig. 4C and Supplementary Fig. S4C), supporting a critical function for FZR1 in
disrupting BRAF dimers (Supplementary Fig. S4X-Y).

Loss of FZR1 Contributes to Vemurafenib Resistance in BRAFY600E Melanoma Cells

It has been previously shown that RAF proteins utilize either homo-dimerization or hetero-
dimerization to prime their activation (46, 55). However, the oncogenic BRAFY600E
mutation at the activation segment of the BRAF kinase domain adopts an altered constitutive
active conformation, which allows for full activation of the kinase without dimerization (24).
Consistent with the dimerization-independent activation of BRAFV600E (24), we found that
unlike its role in suppressing WT-BRAF activity, FZR1 failed to suppress p-ERK levels
when co-expressed with BRAFY600E /1 v (Supplementary Fig. S5A) or in an in vitro
kinase assay (Supplementary Fig. S5B). Furthermore, unlike depleting FZR1 in melanoma
cells harboring WT-BRAF (Fig. 4B), depletion of FZR1 in BRAFV600E melanoma cells did
not induce ERK activation (Supplementary Fig. S5C), although FZR1 could still efficiently
bind to and disrupt dimer formation of the BRAFY600E muytant (Supplementary Fig. S5D—
E).

Although monomeric BRAFV600E s fully active, recent studies have demonstrated critical
roles for BRAFV800E dimerization in contributing to vemurafenib (PLX4032) resistance (49,
56). For instance, several BRAF splicing variants have been identified in vemurafenib
resistant melanoma cells that lack exons encoding the RAS binding domain. As such, these
BRAFV600E yariants exhibit increased dimerization in the absence of RAS binding to confer
PLX4032 resistance (49). Additionally, vemurafenib has been found to induce the trans-
activation of WT-BRAF or CRAF through hetero-dimerization between vemurafenib-bound
BRAFV600E and WT-BRAF or CRAF (53, 56). These studies suggest that further
understanding of the molecular mechanisms governing BRAFV600E dimerization could have
great clinical significance in overcoming PLX4032 resistance.

Intriguingly, we found that in keeping with its ability to disrupting WT-BRAF or
BRAFVY600E homodimers, FZR1 could also inhibit the hetero-dimerization of BRAFY600E
with CRAF (Supplementary Fig. S5F), or with ARAF (Supplementary Fig. S5G). Moreover,
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depletion of FZR1in A375 and HBL cells resulted in an increased BRAF-CRAF
heterodimerization (Supplementary Fig. S5SH-I). This finding prompted us to further explore
the role of FZR1 in regulating vemurafenib resistance in BRAFY800E melanoma cells.
Notably, in A375 melanoma cells harboring homozygous BRAFV600E depletion of FZR1
led to a moderate resistance to PLX4032 treatment as evidenced by elevated p-MEK and p-
ERK signals (Supplementary Fig. S5J) as well as increased cell viability under drug
challenge (Supplementary Fig. S5K). These findings therefore indicate that loss or reduced
FZR1 abundance might contribute to vemurafenib resistance in melanoma patients.

Phosphorylation of FZR1 N-terminus by ERK and CYCLIN D1/CDK4 Inhibits APCFZR1 E3
Ligase Activity

In contrast to BRAFWT-expressing cancer cells (Fig. 4A), in A375 melanoma cell line
harboring the BRAFY600E gncogenic mutation, protein levels of most APCFZRI substrates
examined including PLK1, AURORA A, GEMININ, CYCLIN B and CDC20, were barely
affected by depletion of endogenous FZR1 (Supplementary Fig. S5C), suggesting that in
these BRAF hyper-active melanoma cells, the ubiquitin E3 ligase activity of APCFZR1 js
largely attenuated.

We and others have previously pinpointed serine/threonine residues within the N-terminal
domain of FZR1 as CYCLIN A2 (also named CCNA2)/CDK2 or CYCLIN E1 (also named
CCNE1)/CDK?2 target sites (Fig. 5A) (3-6), phosphorylation of which abolishes interaction
between FZR1 and the APC core complex (3, 43). Since elevation of RAS/RAF/MEK/ERK
and its downstream CYCLIN D1 (also named CCND1)/CDK4 signaling pathways have
been found in most melanoma patients (57), we next sought to examine whether these
CDK2 target sites within FZR1 could also be phosphorylated by ERK and/or CYCLIN D1/
CDKA4. Notably, /n vitro kinase assays revealed that purified ERK or CYCLIN D1/CDK4
could phosphorylate WT-FZR1, but not 4A- or 6A-FZR1 in which the previous identified
CDK2 sites were mutated to alanines (Fig. 5B—C). Our finding is consistent with a recent
report that FZR1 could be phosphorylated by CDK4 at its N-terminus (58).

To further evaluate the function of these phosphorylation on FZR1, compared with empty
vector (EV)-infected parental cells, increased phosphorylation of FZR1 (5) and elevation of
various FZR1 substrates were observed in BRAFY600E_expressing IHPM (Fig. 5D) and
melan-a cells (Fig. 5E), indicating that in BRAFY600E expressing cells, increased
phosphorylation of FZR1 might lead to inactivation of its E3 ligase activity. In support of
this notion, depletion of BRAFin A375 (Fig. 5F) and HBL cells (Fig. 5G) led to a
significant reduction of FZR1 phosphorylation as well as steady state level of APCFZR1
substrates including PLK1 and CDC6. Furthermore, induced expression of CYCLIN D1, led
to an elevation in protein abundance of known APCFZR1 substrates (Fig. 5H), whereas
depletion of CYCL/N D1 gradually suppressed the levels of various APCFZR1 sybstrates
including BRAF (Fig. 51).

To further determine a causal relationship between hyper-activation of ERK and/or CDK4 in
BRAFV600E expressing cells and phosphorylation-dependent inactivation of APCFZR1 (Fig.
5A), we demonstrated that compared with EV or WT-FZR1 expressing cells, ectopic
expression of the non-phosphorylatable 6A-FZR1 mutant led to a more dramatic decrease in
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APCFZRI supstrates such as PLK1, and to a lesser extent, BRAF (Fig. 5J-L). Furthermore,
the number of senescent cells was decreased when introducing 6A-FZR1 in BRAFV600E.
expressing melan-a cells (Supplementary Fig. S5L—M), suggesting that the non-
phosphorylatable FZR1 mutant were more efficient in suppressing BRAFY600E_mediated
premature senescence (29). These findings indicate that 4A- or 6A-FZR1, which are
deficient in ERK- or CDK-mediated phosphorylation (Fig. 5B-C), displays elevated
APCFZRL E3 [igase activity even in BRAFV800E expressing cells with hyper-active ERK,
presumably due to its higher affinity towards the APC core complex regardless of CDK and
ERK activation status (43).

Interestingly, although N-terminal phosphorylation suppresses the E3 ligase activity of
FZR1 (8), it barely affected FZR1’s function in disrupting BRAF dimerization
(Supplementary Fig. S5N), a process mainly requires the WD40 domain of FZR1 to bind
BRAF (Supplementary Fig. S3D-E). However, how APCFZR1.mediated BRAF
ubiquitination is suppressed in different cancer settings warrants further in-depth studies.

Pharmacologically Inhibiting BRAF/ERK and CDK4 Restores the APCFZR1 E3 Ligase

Activity

Given the pivotal role of BRAF and CYCLIN D1/CDKA4 signaling pathways in driving
melanomagenesis (57), inhibitors targeting BRAFV600E MEK or CDK4/6 are either
approved or under clinical trials (59), which include the combinational treatment of
melanoma patients with CDK4/6 inhibitor (LEE011) and BRAF inhibitor (LGX818)
(Clinical Trials.gov identifiers: 01777776 and 01820364). However, mechanistic studies to
reveal the benefit of CDK4/6 inhibitors are largely absent. As our findings pinpointed both
ERK and CYCLIN D1/CDK4 as FZR1 upstream kinases to inhibit APCFZR1 E3 ligase
activity, next we challenged multiple melanoma cells with BRAFV600E inhibitor PLX4032
(60), MEK inhibitor PD0325901, pan-CDK inhibitor mimosine (61) or CDK4/6 inhibitor
PD0332991 (62). Consistent with frequent aberrancies in CDK4, but not CDKZ2, signaling in
the melanoma disease setting, we found that CDK4/6 inhibitor is more potent than pan-CDK
inhibitor, which mainly targets CDK?2, in restoring APCFZR! activity in both BRAFVY600E
and BRAFWT genetic backgrounds (Fig. 6A-B and Supplementary Fig. S6A-B).
Furthermore, we also observed a co-operative role for PLX4032 and PD0332991 in
reactivating APCFZR E3 ligase activity in BRAFY600E expressing cells as evidenced by the
downregulation of various APCFZR supstrates including BRAF (Fig. 6A and
Supplementary Fig. S6A-B).

In supporting our hypothesis that inhibition of BRAF/MEK and/or CDK activities in cancer
cells reactivates APCFZR1 we further found that although depletion of £ZR1 did not affect
BRAF or CDC6 protein abundance in A375 cells, further PLX4032 treatment resulted in an
apparent upregulation of BRAF and CDC6 levels compared with PLX4032-treated shScr-
A375 cells (Fig. 6C). Similarly, in BRAFWT-expressing OVCARS cells, combinational
treatment of PD0325901 with mimosine led to an increase of BRAF protein levels in
shFZR1-OVCARS cells compared to control cells (Supplementary Fig. S6C).

Moreover, BRAFV600E or MEK inhibitor treatment led to an increase of ubiquitinated
species of endogenous CDC20, a well-characterized APCFZR1 supstrate (63)
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(Supplementary Fig. S6D-E), supporting the notion that the observed downregulation of
various APCFZR1 sybstrates upon BRAFV800E or MEK inhibitor treatment is at least in part
through restoring APCFZR1 E3 ligase activity. Although CDKA4/6 inhibitor treatment of
melanoma cells led to an enrichment in G1 phase, MEK or BRAFV800E jnhibitor has a
minimal effect on cell cycle profiles of various melanoma cell lines we examined
(Supplementary Fig. S6F—H). These results indicate that the observed downregulation of
APCFZR1 gupstrates upon MEK or BRAFV600E inhibitor treatment (Fig. 6A-B and
Supplementary Fig. S6A-B) are mainly through restoring APCFZR1 activity rather than
simply altering the cell cycle progression status. Moreover, the elevated APCFZR! activity
might be partly due to the increased interaction between FZR1 and the APC core complex
(Fig. 6D and Supplementary Fig. S6l).

To gain further genetic insight into the critical role of APCFZR1 deficiency in promoting
melanoma development, we found that in the Skin Cutaneous Melanoma (TCGA,
Provisional) dataset with 287 cases (cbhioportal.org) (64, 65), there are 23.0% mutation or
deletion rate for FZR1 and 14 APC subunits (Supplementary Table S1 and Fig. S6J), 13%
mutation or amplification rate for CYCL/N D1 and CDK4, and 80% mutation or
amplification rate for BRAFand NRAS (Supplementary Fig. S6J). Notably, the genetic
alterations of FZR1 and APC subunits do not significantly overlap with the genetic
alterations of CCND1 and CDK4 (Supplementary Fig. S6J), while the wild-type BRAF/
NRAS genetic status displays a significant association with the amplification of CCND1/
CDK4 (X2:6.877, p<0.01 by Pearson’s Chi-squared test). Consistent with the genetic
analysis, we found that melanoma-derived F.ZR1 mutants displayed a reduced binding with
BRAF and subsequently attenuated activity in promoting BRAF ubiquitination
(Supplementary Fig. S6K—M). These analysis suggest that the genetic inactivation of
APCFZR1 yia mutation or deletion, together with phosphorylation-dependent inactivation of
APCFZR1 |ead to the deficiency of APCFZR1 in a vast majority of melanoma patients, which
in turn elevates a cohort of oncogenic substrates of APCFZR1 to drive melanomagenesis.

Depletion of FZR1 Cooperates with AKT Activation to Promote Melanomagenesis in vitro

Having pinpointed that FZR1 deficiency leads to hyper-activation of the BRAF/ERK
signaling pathway via either an APC-dependent or APC-independent mechanism in different
cellular contexts (Fig. 4P), we next sought to explore whether depletion of FZR1 could
promote melanomagenesis, in which BRAF activation plays a pivotal role (66). To this end,
we took advantage of a widely utilized /in vitro melanomagenesis model (67) to evaluate the
contribution of FZR1 deficiency in transforming melanocytes.

Activation of both ERK and AKT signaling pathways has been shown to facilitate
melanoma development (68, 69). Notably, simultaneous depletion of FZRZand PTENin
IHPM cells led to the upregulation of both ERK and AKT oncogenic signaling (Fig. 7A).
Furthermore, consistent with previous reports (67, 70), complete withdrawal of growth
factors such as TPA abolished the proliferation of the parental IHPM cells (Fig. 7B-C),
whereas co-depletion of FZR1and PTEN conferred growth factor-independent growth to
IHPM cells (Fig. 7B—C and Supplementary Fig. S7A). Moreover, co-depletion of FZR1 and
PTEN favored anchorage-independent growth of IHPM cells in soft agar (Supplementary
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Fig. S7B). These results support the synergetic role of FZR1 depletion-induced ERK
activation, and PTEN loss-induced AKT activation in transforming primary melanocytes to
drive melanomagenesis /n vitro.

Genetic Ablation of Fzrl Synergizes with Pten Loss to Promote co-Activation of BRAF/ERK
and AKT Oncogenic Signaling in vivo

Although complete deletion of both £z (Fzr1~') alleles in mice led to embryonic lethality
(71), mouse embryonic fibroblasts (MEFs) obtained from FzrZ~/~ mice embryo displayed
elevated BRAF and p-ERK levels compared with WT-MEFs (Fig. 7D and Supplementary
Fig. S7TB—C), which further strengthens our finding that BRAF is an APCFZR1 substrate.
Moreover, in keeping with the fact that RAF/MEK/ERK signaling pathway is rapidly
stimulated by growth factor treatment, we found that, compared to WT-MEFs, FzrZ~~ MEFs
were more responsive to EGF treatment and displayed extended activation kinetics (Fig.
7D).

Given that the BRAF/MEK/ERK oncogenic pathway plays a pivotal role in governing
melanocyte proliferation, differentiation, as well as melanomagenesis (17), to further
examine the physiological role of the FZR1-BRAF signaling axis in the melanocyte setting,
melanocyte-specific £zrZ and Pren conditional knockout mice

(Tyr::CreER;Pten/oX/IoX. Fzr1lox/lox) (68, 72) were generated. Notably, we found that topical
application of 4-hydroxytamoxifen (4-OHT) on one side of the mouse flank (ethanol was
used on the other side as a negative control), which induced the expression of the Cre-
recombinase specifically in melanocytes to delete endogenous FzrZ and Pten, led to a
marked increase of BRAF and its downstream signals as evidenced by both immunoblot
(Fig. 7E) and immunohistochemistry (Fig. 7F and Supplementary Fig. S7D) analyses.

More importantly, we found that the elevation of both p-AKT and p-ERK mainly occurred
near hair follicles (Fig. 7F and Supplementary Fig. S7D), where most melanocytes reside in
the postnatal mice (26). This observation is in agreement with previous studies
demonstrating that Tyr::CreERT2 mainly targets melanoblasts and melanocytes within hair
follicles (73), which might be the major reason accounting for the phenotype of pigmented
observed in 4-OHT treated mouse skin (Supplementary Fig. S7E). Although it will be
critical to further determine whether the elevated BRAF and AKT signaling could eventually
drive melanoma development after long term 4-OHT treatment, these /7 vivo mice genetic
data, however, coherently demonstrate that FZR1 might function as a tumor suppressor /in
vivo in part by suppressing the activation of the BRAF/MEK/ERK oncogenic pathway. As
such, loss of the FZR1 tumor suppressor synergizes with PTEN deficiency, leading to a
concomitant elevation of AKT and ERK signaling /n vive.

DISCUSSION

Deregulation of the RAS/RAF/MEK/ERK oncogenic signaling cascade is considered a
hallmark for driving tumorigenesis in various human cancers (19). However, how different
isoforms of RAF proteins are restrained from becoming hyperactive in normal tissue and
how these negative regulations are attenuated during cancer progression still remains largely
undefined. To date, several proteins have been identified to negatively regulate this important
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signaling pathway. For instance, binding of 14-3-3 to phospho-serines at both the N-
terminus and the C-terminus of RAF proteins locked their closed inhibitory conformation
(74), and phosphorylation of CRAF by PKA at Ser43 inhibited CRAF activation (75).
Ubiquitination-mediate proteolysis has also been shown to negative regulate RAF kinases.
SEL-10, a C. elegans homologue of human FBW?7 controls the turnover of LIN-45, the C.
elegans homologue of RAF kinases (76). Furthermore, in human cells, ring finger protein
149 (RNF149) targets RAF proteins for ubiquitination and subsequent destruction (77).
These studies suggested that the RAF/MEK signaling was tightly regulated through various
post-translational modifications including phosphorylation, ubiquitination and scaffolding.

Our findings here have demonstrated that FZR1, which is a key cell cycle regulator with a
potential tumor suppressor role (8), could negatively regulate BRAF protein abundance and
kinase activation through both APC-dependent BRAF proteolysis and APC-independent
disruption of BRAF dimerization. Importantly, we have found that the mechanisms by which
FZR1 regulates BRAF are different in normal cells and cancer cells (Supplementary Fig.
S7F). In non-transformed cells, such as human primary fibroblasts, melanocytes or MEFs,
APCFZRI governs BRAF proteolysis in a cell cycle and D-box dependent manner, which
retains BRAF abundance to prevent hyper-activation of MEK and ERK downstream of
BRAF. Our finding therefore identifies APCFZR1 as a novel upstream regulator of BRAF
abundance in human somatic cells, serving to suppress unscheduled cell proliferation, an
important step towards neoplasia.

In cancer cells, however, our data suggest that APCFZR1-mediated BRAF degradation was
largely attenuated (Fig. 4A-C and Supplementary Fig. S4A-C), which might be attributed to
several mechanisms that lead to reduced APCFZR1 E3 ligase activity as well as escape from
APCFZRLmediated ubiquitination of various known APCFZR1 substrates. Previous studies
have revealed that phosphorylation of FZR1 by CYCLIN A/E-CDK2 in late G1/S phases or
by CYCLIN B1/CDK1 in G2/M phases dissociates FZR1 from the APC core complex (1) to
partly inactivate APCFZR1 in cancer cells. Furthermore, numerous reports have identified
that phosphorylation could disrupt the interaction between FZR1 and its substrates, hence
facilitating the escape from APCFZR1-mediated ubiquitination and degradation in cancer
cells (78-80). Notably, inhibiting MEK/ERK signaling by PLX4032, PD0325901, or
suppressing CDK activity by mimosine, PD0332991, could repress BRAF abundance in
various cancer cell lines (Fig. 6A—B and Supplementary Fig. S6A-B).

Recent structural and biochemical studies have shed light on the molecular mechanisms by
which APC catalyzes poly-ubiquitination of its substrates (81). It has been demonstrated that
poly-ubiquitination of substrates by APC displays distinct processivities due to different
binding affinities between FZR1 and its substrates (45). In support of these reports,
compared to well characterized APCFZR1 substrate PLK1, BRAF displayed attenuated
affinity to both FZR1 and APC10, both of which are required for substrate interaction
(Supplementary Fig. SAD-E) (44), presumably due to the lacking of the APC10 interacting
motif within the D-box4 degron of BRAF (Supplementary Fig. S4F-G) (44). In support of
this notion, a replacement of BRAF D-box4 (RGYLSPDLSK) with Hsl1 D-box sequence
(RAALSDITN) (termed Opti-D4, Supplementary Fig. S4F) resulted in an increased
interaction between APC10 and the generated BRAF chimera protein (Supplementary Fig.
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S4N), leading to more efficient degradation of the chimera protein by APCFZR1
(Supplementary Fig. S40).

Although APCFZR1 displays marginal effect in controlling BRAF turnover in cancer cells,
our studies have revealed that APC-free FZR1 in BRAFWT cancer cells could still suppress
BRAF/ERK signaling, largely by disrupting BRAF dimerization without affecting BRAF
protein abundance. This finding further advocates for the tumor suppressive role of FZR1
towards BRAF, especially when it is largely APC-free in most cancer cells. FZR1-mediated
disruption of BRAF dimerization was also observed in immortalized MEFs (Fig. 4J), in
which deletion of FZR1 led to the accumulation of BRAF (Fig. 7D). These results suggest a
model that FZR1 might harness BRAF oncogenic function via both APC-dependent and
APC-independent mechanisms in normal cells, similar to the reported dual suppressive role
of SOCS proteins by inhibiting the JAK kinases and targeting them for degradation (82).

Taken together, our findings reveal a reciprocal suppression mechanism between FZR1 and
BRAF in controlling tumorigenesis, and further suggest that FZR1 might exert its tumor
suppressor role in part by functioning as a novel upstream inhibitor of the BRAF oncogenic
signaling pathway (Fig. 4P and Supplementary Fig. S7F).

METHODS

Plasmids and Antibodies

Cell lines and their culturing conditions, plasmids and antibodies, experimental procedures
for cell synchronization and FACS analysis could be found in the Extended Methods section
of the Supplementary Information available online.

Cell Culture, Transfection and Infection

Hela, HEK293, HEK293T, U20S and T98G cells were cultured in DMEM containing 10%
FBS (HyClone), 100 mg/mL penicillin-streptomycin as described previously (9), which
were obtained from Dr. William G. Kaelin, Jr. in June, 2006. OVCARS ovarian cancer cell
line was obtained from Dr. Marc W. Kirschner in March 2011. WMZ266.4, SK-MEL-28,
A375, B16 melanoma cell lines, human primary melanocytes (HPM), mouse primary
melanocytes (melan-a) and hTERT/p53DD/R24C-CDK4 immortalized human melanocytes
(IHPM) have been described previously (83). HPM cells were isolated from normal
discarded foreskins as described before (84), which were cultured in Medium 254 (Gibco).
melan-a cells were obtained from the Wellcome Trust Functional Genomics Cell Bank at
University of London in June 2013. IHPM cells were engineered with stable expression of
human telomerase reverse transcriptase (nTERT), dominant negative p53 (p53DD) and a
constitutively active CDK4 mutant (R24C-CDKA4), allowing the bypass of premature
senescence under oncogenic stresses (67), which were obtained from Dr. Hans Widlund in
September 2012. A375 and HBL melanoma cell lines have been described previously (85),
which were obtained from Dr. David Fisher in June 2008. WM266.4 and SK-MEL-28 cells
were obtained from Dr. Richard Marais in August 2012. WM3670 melanoma cell line was
obtained from Dr. Keiran S. Smalley in November 2016. H1755 NSCLC cell line was
obtained from Dr. Eric B. Haura in November 2016. All cell lines were obtained between
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2006 and 2016 and routinely tested negative for Mycoplasma. Cell line authentication was
not routinely performed.

Cell culture transfection, lentiviral ShARNA virus packaging and subsequent infection of
various cell lines were performed according to the protocol described previously (86).

The purposes of using different cell lines in the manuscript could be found in the Extended
Methods section of the Supplementary Information available online.

BrdU, SA-B-Gal Assays, and Crystal Violet Staining

Lentivirus-infected human primary melanocytes or murine melanocytes melan-a were
subjected to SA-B-gal staining, BrdU labeling or crystal violet staining assays 14 days after
viral infection. The experimental procedures for BrdU labeling and SA-p-Gal and crystal
violet staining were described previously (83, 87).

Immunoblots and Immunoprecipitation

Cells were lysed in EBC buffer (50 mM Tris pH 7.5, 120 mM NacCl, 0.5% NP-40)
supplemented with protease inhibitors (Complete Mini, Roche) and phosphatase inhibitors
(phosphatase inhibitor cocktail set | and I, Calbiochem). The protein concentrations of the
lysates were measured using the Bio-Rad protein assay reagent on a Beckman Coulter
DU-800 spectrophotometer. The lysates were then resolved by SDS-PAGE and
immunoblotted with indicated antibodies. For immunoprecipitation, 800 ug lysates were
incubated with the appropriate antibody (1-2 ug) for 3—4 hours at 4 °C followed by 1 hour
incubation with Protein A sepharose beads (GE Healthcare). Immuno-complexes were
washed five times with NETN buffer (20 mM Tris, pH 8.0, 100 mM NaCl, 1 mM EDTA and
0.5% NP-40) before being resolved by SDS-PAGE and immunoblotted with indicated
antibodies.

In Vitro Kinase Assay

BRAF /n vitro kinase assays were performed as described (42). Briefly, BRAF was immune-
purified from 293T cells transfected with Flag-BRAF constructs. GST-MEK1 and His-FZR1
were expressed in BL21 E.cofi and purified using Glutathione Sepharose 4B media (GE
Healthcare Life Sciences) and Ni-NTA agarose (Qiagen), respectively. BRAF kinase was
incubated with 0.2 pg of GST-MEK in the absence or presence of His-FZR1 in kinase assay
buffer (L0 mM HEPES pH 8.0, 10 mM MgCl,, 1 mM dithiothreitol, 0.1 mM ATP). The
reaction was initiated by the addition of GST-MEK in a volume of 30 ul for 15 min at 30 °C
followed by the addition of SDS-PAGE sample buffer to stop the reaction before resolved by
SDS-PAGE.

In Vivo Ubiquitination Assay

Denatured /n vivo ubiquitination assays were performed as described (88). Briefly, 293 cells
were transfected with Flag-BRAF, His-ubiquitin and HA-FZR1. 36 hours after transfection,
10 uM MG132 was added to block proteasome degradation, and cells were harvested in
denatured buffer (6M guanidine-HCI, 0.1 M NayHPO4/NaH,POy4, 10 mM imidazole),
followed by Ni-NTA (Ni-nitrilotriacetic acid) purification and Immunoblot analysis.
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In Vitro Ubiquitination Assay

APCFZRL jn vitro ubiquitination assays were performed as described previously (89).
Briefly, 8 ug of anti-CDC27 antibodies coupled to 80 uL of protein A-agarose (Sigma) were
incubated with 0.8 ml extracts from nocodazole arrested and released G1 (3 hours post
release) Hel a cells, and mixed for 2 hours at 4 °C. The beads were washed three times with
1 ml swelling buffer (SB) (25 mM HEPES, pH7.5, 1.5 mM MgCl,, 5 mM KCI)
supplemented with 0.05% Tween 20 and twice with SB. Finally, the beads were resuspended
in 40 pl of SB and aliquoted into 8 tubes (5 pl for each tube). 0.15 uM E1, 1.5 yM E2, 1
mg/ml Ubiquitin, energy mix (7.5 mM creatine phosphate, 1 mM ATP, 1 mM MgCl,, 0.1
mM EGTA), and 1 U creatine phosphokinase were mixed in UBAB buffer (25 mM Tris/
HCI, pH7.5, 50 mM NacCl, 10 mM MgCly) in a final volume of 8 ul, i.e., reaction mix.
Reactions were started by the addition of bacterially purified various GST-BRAF proteins as
substrates, incubated for 60 minutes at 30 °C, resolved by SDS-PAGE and immunoblotted
with the indicated antibodies.

Gel Filtration Chromatography Analysis

For gel filtration experiment using purified His-BRAF and His-FZR1, recombinant His-
tagged proteins were purified using Ni-NTA Agarose (Cat. No. 30210, QIAGEN) according
to manufacturer’s instructions. His-tagged proteins were further dialyzed with PBS
supplemented with 0.1 M NaHCO3 (PBSC) and subjected to Superdex 200 10/300 GL
column (GE Lifesciences Cat. No. 17-5175-01). Chromatography was performed on the
AKTA-FPLC (GE Lifesciences Cat. No. 18-1900-26) with EBC buffer as described
previously (9). One column volume of elutes were fractionated with 500 ml in each fraction,
at the elution speed of 0.5 mL/min. 30 pl aliquots of each fraction were loaded onto SDS-
PAGE gels and detected with indicated antibodies.

For gel filtration experiment using cell lysates, cells were washed with phosphate-buffered
saline, lysed in 0.5 ml of EBC buffer (50 mM Tris pH 7.5, 120 mM NacCl, 0.5% NP-40)
containing protease inhibitors (Complete Mini, Roche) and phosphatase inhibitors
(phosphatase inhibitor cocktail set | and 11, Calbiochem), and filtered through a 0.45 um
syringe filter. Total protein concentration was then adjusted to 8 mg/ml with EBC buffer and
500 pl of the lysate was loaded onto a Superdex 200 10/300 GL column as described above.

GST or His recombinant protein purification and in Vitro Binding Assay

Purification of GST- or His-tag-fused recombinant proteins and GST-pull down analyses
were performed as described previously (27, 90).

Clonogenic Survival and Soft Agar Assays

The clonogenic survival and soft agar assays for hnTERT/p53DD/R24C-CDK4 melanocytes
(IHPM) were performed as described previously (83). Briefly, for growth factor independent
clonogenic survival experiments, IHPM cells were cultured in 10% FBS containing
RPMI-1640 media before plating into 6-well plate at 3,000 cells per well. 3 weeks later,
cells were stained with crystal violet and the colony numbers were counted.
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For soft agar assays, IHPM cells (30,000 per well) were seeded in 0.5% low-melting-point
agarose in RPMI-1640 with 10% FBS, layered onto 0.8% agarose in RPMI-1640 with 10%
FBS. The plates were kept in the cell culture incubator for 80 days after which the colonies
>50 um were counted under a light microscope.

Single-molecule Analysis of Transient Protein-protein Interactions

Coverslip passivation, TIRF microscope configuration and image analysis were described
previously (47, 48). 50 nM biotinylated anti-Flag antibody (M2) was added to cell lysate
expressing FLAG-BRAF, incubated at room temperature for 20 minutes. Cell lysate-
antibody mix was applied to streptavidin-functionalized coverslip right before the
experiment to immobilize Flag-BRAF. After 3 minute incubation, cell lysate on coverslip
was washed off, replaced with buffer A (25 mM Tris-HCI pH 7.5, 100 mM NaCl, 20 mM
imidazole, 5 mg/mL BSA) containing 10 nM BRAF or FZR1 labeled with Dylight550-NHS,
and various concentrations of unlabeled BRAF or FZR1 as a competitor. Time series were
acquired at 5 frames/second for 30 seconds. Binding constants of the competitor (Kj~Kj)
was calculated from the titration curve of the total number of binding events.

Nmax K
N :ﬁ+0‘, N is the number of binding events; MVnax is the number of binding events in

the absence of competitor; [C] is the concentration of competitor.

Mouse Models

All animal experiments were approved by the Beth Israel Deaconess Medical Center IACUC
Committee on Animal Research. The Tyr:: Cre-ERZ transgenic mice, Pterf1oX/flox mice and
Fzriflox/flox mice have been described previously (72, 91). PrerfloX/flox mice were first
crossed with Tyr:: Cre-ER7Z mice. The resulting compound mice or Tyr:: Cre-ER'?
transgenic mice were then crossed with FzrZfloX/flox mice to generate conditional knockout
mouse models of Prenand/or Fzrl. To activate the Tyr:: Cre-ERZ transgene to delete Pren
and/or Fzr1 gene in the mouse melanocyte, the adult mice (6-8 weeks) were treated
topically with 20 mg/mL 4-hydroxytamoxifen (4-OHT) in 100% ethanol for up to 7 months
at the right ear, flank, paw and tail. Mouse tissues were fixed in 4% PFA. Normal and tumor
tissues were embedded in paraffin, sectioned, and hematoxylin and eosin (H&E) stained for
pathological evaluation.

Immunoblot Analysis of Mice Skin Tissues

Mice skin tissues from EtOH or 4-hydroxytamoxifen (4-OHT) treated flanks of
Tyr::CreER; Pter/o/IoX - Fzr1/0X/Iox mice were lysed with RIPA buffer following the
sonication. The lysates were subjected to immunoblot analysis with the indicated antibodies.

Histology and Immunohistochemical Analysis of Mice Skin Tissues

Mice skins were dissected and fixed in 4% paraformaldehyde for histology and IHC. For
staining, the tissues were embedded in paraffin in according with standard procedures. 5 pm
sections were cut and processed for H&E staining or stained for FZR1 (34-2000, 1:100), p-
ERK (20G11, 1:100) and p-AKT (D9E, 1:100). The stained slides were visualized by a
bright-field microscope.
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Statistical Analysis

All quantitative data were presented as the mean £ SEM or the mean = SD as indicated of at
least three independent experiments by Student’s #test for between group differences. The p
< 0.05 was considered statistically significant.
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Refer to Web version on PubMed Central for supplementary material.
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STATEMENT OF SIGNIFICANCE

FZR1 inhibits BRAF oncogenic functions via both APC-dependent proteolysis and APC-
independent disruption of BRAF dimers, while hyper-activated ERK and CDK4
reciprocally suppresses APCFZR1 E3 |igase activity. Aberrancies in this newly defined
signaling network might account for BRAF hyper-activation in human cancers,
suggesting that targeting CYCLIN D1/CDK4, alone or in combination with BRAF/MEK
inhibition, can be an effective anti-melanoma therapy.
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Figure 1. Depletion of FZR1 Leads to BRAF Accumulation and Subsequent Activation of ERK
(A-B) Depletion of FZR1 led to an elevation of BRAF abundance and its downstream

MEKI/ERK activities in human primary melanocytes (HPM) and murine melanocytes melan-

a. Immunoblot (IB) analysis of HPM (A) or melan-a (B) infected with control (shScr) or

indicated shF~ZR1 lentiviral ShRNA constructs. The infected cells were selected with 1 pg/ml
puromycin for 72 hours before harvesting. BRAF band intensities were quantified using
ImageJ, normalized to corresponding TUBULIN band intensities, and then normalized to

shScr.

(C-D) In the absence of FZR1, BRAF protein levels failed to fluctuate across the cell cycle.
(C) IB analysis of whole cell lysates (WCL) derived from primary melanocyte-derived
melan-a cells synchronized at the G1/S boundary by double-thymidine block then released
back into the cell cycle for the indicated periods of time. (D) Quantification of BRAF band
intensities. BRAF bands were normalized to VINCULIN, then normalized to the t = 0 time

point.
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(E) Ubiquitination of endogenous BRAF was attenuated in F.ZR1-depleted melanocytes. 1B
analysis of WCL and Ni-NTA (Ni-nitrilotriacetic acid) affinity precipitates derived from
melan-a cells infected with the indicated lentiviral ShRNA and His-ubiquitin constructs.
Cells were pretreated with 10 uM MG132 for 10 hours before harvesting.

(F-G) The half-life of BRAF was extended in £FZRI-depleted melanocytes in early G1
phase. melan-a cells were infected with the indicated lentiviral sShRNA constructs for 24
hours. Non-infected cells were eliminated by selection with 1 pg/ml puromycin for 48 hours.
Cells were then synchronized by double thymidine block (12) and released back into the cell
cycle for 14 hours (early G1 phase). 20 ug/ml cycloheximide (CHX) was added to the
resulting cells for the indicated time periods before harvesting for IB analysis (F). (G)
Quantification of BRAF band intensities was plotted as mean + SD from three independent
experiments, BRAF bands were normalized to VINCULIN, then normalized to the t = 0
time point.

(H) Further depletion of BRAF suppressed the activation of ERK upon FZR1 knockdown.
IB analysis of HPMs infected with the indicated lentiviral SARNA constructs. The infected
cells were selected with 1 ug/ml puromycin for 72 hours before harvesting.

(1-K) Depletion of APC core subunit CDC27 or APC10, but not CDCZ20, led to BRAF
accumulation and ERK activation. IB analysis of HPMs infected with control (shScr) or the
indicated shCDC27 (1), shAPC10 (J) or shCDC20(K) lentiviral ShRNA constructs. The
infected cells were selected with 1 pg/ml puromycin for 72 hours before harvesting. BRAF
band intensities were quantified using ImageJ, normalized to corresponding TUBULIN band
intensities, and then normalized to shScr.
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Figure 2. Depletion of Endogenous FZR1 Triggers Premature Senescence in Primary
Melanocytes

(A-B) Depletion of FZR1 in melanocytes triggered premature senescence. Control (shScr)
or shFZR1 infected human primary melanocytes (HPM) were subjected to SA-B-gal staining
assays 14 days after viral infection. The pictures showed one representative experiment (A)
out of three independent experiments (B). Data are represented as mean + SD, n=3. ** p<
0.01, Student’s ftest.

(C) FZR1 knockdown resulted in the accumulation of CDK inhibitors including p21 and p16
in human primary melanocytes. Immunoblot (I1B) analysis of whole cell lysates (WCL)
derived from various HPMs generated in (A).

(D) Depletion of FZR1 retarded the proliferation of melanocytes. Control (shScr) or shFZR1
infected HPMs were subjected to clonogenic survival assays 5 days after viral infection.
Crystal violet was used to stain the formed colonies.

(E-F) WT-FZR1, but not APC-binding deficient AC-box-FZR1, prevented senescence in
FZR1-depleted melanocytes. HPMs stably expressing EV, WT- or AC-box-FZR1 were
further infected with shScr or shFZR1 lentiviral constructs, the resulting cells were subjected
to SA-B-gal staining assays 14 days after viral infection. (E) The pictures showed one
representative experiment out of three independent experiments. (F) Quantification of p-gal
positive cells of (E). Data are represented as mean £ SD, n=3. * p< 0.05, Student’s ¢test.
(G) WT-FZR1, but not APC-binding deficient AC-box-FZR1, suppressed the accumulation
of CDK inhibitors in FZRI-depleted melanocytes. 1B analysis of WCL derived from various
HPMs generated in (E).

(H-1) Additional depletion of BRAF suppressed the onset of premature senescence upon
FZR1 knockdown. HPMs were infected with the indicated lentiviral constructs, the resulting
cells were subjected to SA-B-gal staining assays 14 days after viral infection. (H) The
pictures showed one representative experiment out of three independent experiments. (1)
Quantification of B-gal positive cells of (H). Data are represented as mean + SD, n=3. * p<
0.05, Student’s ftest.
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(J) Expression of CDK inhibitors partly decreased in F.ZR1-depleted melanocytes upon
further BRAF knockdown. IB analysis of WCL derived from various HPMs generated in
(H).

(K-L) MEK inhibition reversed the senescence phenotype in FZRI-depleted melanocytes.
Control (shScr) or sh~ZR1 infected HPMs were treated with or without 1 puM MEK inhibitor
PD0325901 and subjected to SA-B-gal staining assays 14 days after viral infection. The
pictures show one representative experiment (J) out of three independent experiments (K).
Data are represented as mean + SD, n=3. * p< 0.05, Student’s ¢test.
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Figure 3. APCFZR1 promotes BRAF Ubiquitination in a D-box-Dependent Manner
(A) BRAF specifically bound to FZR1, but not CDC20 in cells. Immunoblot (1B) analysis of

whole cell lysates (WCL) and immunoprecipitates (IP) derived from 293T cells transfected
with HA-FZR1 or HA-CDC20 together with the Flag-BRAF construct. 36 hours post-
transfection, cells were pretreated with 10 pM MG132 for 10 hours before harvesting.

(B) Endogenous BRAF bound to endogenous FZR1. IB analysis of WCL and anti-FZR1 IP
derived from HeLa cells.

(C) In vitrotranscribed and translated BRAF (1VT-35S-BRAF) bound to purified
recombinant GST-FZR1. Autoradiography of 3°S-labelled BRAF bound to bacterially
purified GST-FZR1, but not the GST recombinant protein.

(D) FZR1, but not CDC20, promoted the degradation of BRAF. IB analysis of WCL derived
from 293 cells transfected with HA-FZR1 or HA-CDC20 with Flag-BRAF constructs. GFP
serves as an internal transfection control.

(E) FZR1-mediated BRAF degradation could be blocked by the 26S proteasome inhibitor,
MG132. IB analysis of WCL derived from 293 cells transfected with Flag-BRAF and EV or
HA-FZR1 constructs. 10 pM MG132 was used to inhibit the 26S proteasome where
indicated. GFP serves as an internal transfection control.

(F) APC-binding deficient AC-box-FZR1 failed to promote BRAF degradation. 1B analysis
of WCL derived from 293 cells transfected with Flag-BRAF and HA-tagged WT-FZR1 or
E3 ligase activity deficient AC-box-FZR1 constructs. GFP serves as an internal transfection
control.

(G) Sequence alignments of the putative D-boxes containing region between BRAF proteins
from various species as well as a schematic representation of the various D-boxes deletion
mutants generated and used in the following studies.
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(H) D-box4-deleted or mutated BRAF mutants were resistant to FZR1-mediated
degradation. IB analysis of WCL derived from 293 cells transfected with the indicated Flag-
BRAF mutants with HA-FZR1 where indicated. GFP serves as an internal transfection
control.

(1) D-box4 mutants of BRAF failed to bind FZR1. IB analysis of WCL derived from 293
cells transfected with the indicated Flag-tagged WT- or mutant BRAF constructs with HA-
FZR1 where indicated. GFP serves as an internal transfection control.

(J) D-box4 mutated BRAF failed to bind FZR1 /n vitro. GST pull down analysis to
determine WT-, D4-RLAA, or R671Q mutant form of BRAF bound to the indicated GST
fusion proteins.

(K) FZR1 promoted ubiquitination of WT-BRAF, but not D-box4 mutated BRAF, in cells.
APCFZRI promotes BRAF ubiquitination /7 vivo. IB analysis of WCL and subsequent His-
tag pull-down in 6 M guanine-HCI containing buffer derived from 293 cells transfected with
the indicated plasmids. Cells were pre-treated with 10 uM MG132 for 10 hours to block the
proteasome pathway before harvesting.

(L) APCFZRI promoted BRAF ubiquitination in vitro. Bacterially purified WT- and D4-
RLAA-His-BRAF kinase domain (455-767) proteins were incubated with the APCFZR1
complex purified from G1 phase-arrested HelLa cell extract together with purified E1, E2
and ubiquitin as indicated at 30°C for 60 minutes before being resolved by SDS-PAGE and
probed with the anti-His antibody.

(M-N) D-box4 mutated BRAF displayed an extended half-life compared with its WT
counterpart. melan-a cells ectopically expressing WT- or D4-RLAA-BRAF were treated
with 20 pg/ml cycloheximide (CHX) for the indicated time periods before harvesting. Equal
amounts of whole cell lysates (WCL) were immunoblotted with the indicated antibodies
(M). (N) Quantification of Flag-BRAF band intensities was plotted as mean + SD from three
independent experiments, Flag-BRAF bands were normalized to TUBULIN, then
normalized to the t = 0 time point.

Cancer Discov. Author manuscript; available in PMC 2018 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Wan et al.

Page 31

A
A Rk 4 B C T @ D - - - + + shBRAF EAA ~,°° pBabe- F 9&
&S F.2 o & -+ + + + shFZR1 G &SR HAFZRI e
FHL ia LS S&& [ lmFzrt *+---- shSer Y His-FZR1
555 S §§§ ShRNA 5§ shrNA -+ +++ shFZR1 GST GST-MEK1
f==—] 1B: BRAF [—] [Swe=e=] IB: BRAF (S  [B:BRAF  mw s pMEK - * - * + + FlagBRAF
[ =] IB: pERK S| 18 BRAF e pirk === = B PERK e i5: MEK — |8 p-MEK
E IB: ERK M| (S p-ERK [@weme=] IB: ERK [SS=S=| B ErK ~=  =|iB: pERK - IB: Flag
[ =] B pELKI 5 pzrq I = FZR1 o wEk 1B PELK — — — —|«—GsT-MEK1
— o g1 [ B S| ie: [F====]1B: ELK1 B: GST
E IB:FZR1 | ——|B:PLK1 [swewe=] IB: vincuLn [ @ @ ] iB: cDc6 [T = | iB: FzR1
E |B: PLK1 |_——==1IB: CDC6  WM3670 (BRAFGo) IB: PLK1 B: HA ®e= "7 |<—GsT
g g : In vitro kinase assay
1B: TUBULIN IB: VINCULIN
B = coce SRR ovears By
=== 15: TuBULIN "B " (BRAFWT) [=====]i5: BRAF
1B: VINCULIN
%‘;‘i\ﬁﬁ) OVCARS (BRAFWT) GosT-aRAF
( AT Fl BRAF + + + + 4 Jogy Jeige B 3SS_BRAF
G H | +++ HAFZR1 J T4 faas K -- + - _—1 3§.FZR1
- + + Flag-BRAF _ + + Flag-BRAF Lt HAERY R P PN
+ + + HAFZR1 + - + HAFZR1 S-BRAF
- + + HA-BRAF + - - + HA-BRAF < BRAF
+ - + HA-FZR1 - + + Flag-BRAF —— 2 : IB: HA PR .
- o aiar - - + HABRAF o iB: ik = - S-FZR1
8 IB: HA o, [ = - o | —
|:|: 4]; ;zlm E = IB: HA i | -] IB: Flag = IB: Flag *-(_ GST-BRAF
-3 a .o = <— BRAF
gl emem 9 & B:Flag | ==|s: ua al =T kA
o ) - = FZR1
| ==w==]i5: Flag o B:HA = . Fi =
g =—lBHa@ran) S = = >: T IB: Flag « GST
: IB: Flag  HBL (BRAFWT) MEFs
— —|IB:HA(FZR1)  a375 (BRAFVeE) S &
A &SR
L 203T M $2é O & HAFZR1 N & & S
- 4+ + + + Flag-BRAF ¥ &
- + + + + HABRAF — S £ FlagHABRAF
o|[ @ — ]IB: HA(BRAF) -t - * - + HAFZR1
]
669KDa 440KDa 158KDa 75KDa 43KDa o _-— IB: HA (FZR1) g 1B: HA
1314151617 1819 20 21 22 23242526 27 28 2930 31 g E 1B: Flag I.I:
His-BRAF | [ &&= |1B: BRAF & EIIB: Flag
His-BRAF|| e | 1B: BRAF P @b |B: HA (BRAF)
+ His-FZR1|| == |IB: FZR1 o= S ! [B: HA (FZR1) 3 IB: HA
BRAF dimer T FZR1 monomer s =% ¥
@Pwwew s B: Flag IB: Fla
Putative FZR1-BRAF heterodimer :“—‘ﬁ g
0 P “gyb CDK2-CCNAJE
T98G cells released from thymidine RxxL @&/ ‘ GrdiFs
BRAF | 57
ShGFP ShFZR1 LeRar ) \arcS -5 8E
0 4 81012141620 24h 0 4 8 1012 14 16 20 24h 1 ! ' ‘d:{::‘;;
|—-~— H .““aa-.‘ IB: p-ERK X < v @ \ g
| H ‘ s - w RxxL—,
S esPes® 2OsEsaEeE® B FRK e 268 APC BRAF )
| o 2 ‘ IB: BRAF * Proteasome ;>;K
(o= | ~=wewew—=—===""iB: AURORA A MEK =
= | 1B: FZR1 | :
v
p— IB: VINCULIN
| I | ERK Primary cells Cancer cells 'ERK

Figure 4. FZR1 Disrupts the BRAF dimerization Process to Inhibit BRAF Kinase Activity
Independent of APC

(A-C) Depletion of FZR1in OVCARS8 (A), HBL (B) and WM3670 (C) cells led to ERK
activation but not BRAF accumulation. Immunoblot (IB) analysis of whole cell lysates
(WCL) derived from BRAFWT-expressing OVCARS (A) and HBL (B) or BRAFG469E.
expressing WM3670 (C) cells, which were, infected with control (shScr) or shFZR1
lentiviral ShRNA constructs. The infected cells were selected with 1 pg/ml puromycin for 72
hours before harvesting.
(D) Additional depletion of BRAF suppressed the ERK activation upon £ZR1 knockdown.
IB analysis of OVCARS cells infected with the indicated lentiviral SARNA constructs. The
infected cells were selected with 1 pug/ml puromycin for 72 hours before harvesting.
(E) WT- or APC-binding deficient AC-box-FZR1, but not N-terminal FZR1, suppressed the
activation of MEK/ERK signaling pathway upon FZR1 knockdown. OVCARS cells stably
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expressing EV, WT-, AC-box-, or N(1-174)-FZR1 were further infected with shScr or
shFZR1 lentiviral constructs as indicated. The infected cells were selected with 1 pug/ml
puromycin for 72 hours before harvesting.

(F) /n vitro kinase assays showing that both WT-FZR1 and AC-box-FZR1 inhibited BRAF
kinase activity towards phosphorylating GST-MEK1.

(G-I) FZR1 disrupted BRAF dimerization process in cells. IB analysis of WCL and
immunoprecipitates (IP) derived from 293T (G), A375 (H) or HBL (1) cells transfected with
both Flag-BRAF and HA-BRAF with HA-FZR1 as indicated. 36 hours post-transfection,
cells were pretreated with 10 uM MG132 for 10 hours before harvesting.

(J) FZR1 was capable of disrupting BRAF dimerization in MEFs. IB analysis of WCL and
IP derived from primary MEFs transfected with various HA-FZR1 constructs with Flag-
BRAF and HA-BRAF. 36 hours post-transfection, cells were pretreated with 10 pM MG132
for 10 hours before harvesting.

(K) FZR1 disrupted BRAF dimerization process /7 vitro. Autoradiography of 3°S-labelled
BRAF bound to the indicated recombinant GST fusion proteins in the presence of increasing
amounts of 3°S-labelled FZR1.

(L) Gel filtration experiment to illustrate that FZR1 disrupts BRAF dimerization. Bacterially
purified recombinant His-BRAF and His-FZR1 proteins were incubated as indicated before
being separated by Superdex 200 gel filtration chromatography. Prior to running cell lysates,
the molecular weight resolution of the column was first estimated by running native
molecular weight markers (Thyroglobulin ~669KD, Ferritin ~440KD, Aldolase ~158KD,
Conalbumin ~75KD and Ovalbumin ~44KD) and determining their retention times on
coomassie-stained SDS-PAGE protein gels.

(M) WT-, APC-binding deficient AC-box- or AFizzy-FZR1 disrupted BRAF dimerization in
cells. 1B analysis of WCL and IP derived from 293T cells transfected with various HA-
FZR1 constructs as well as Flag-BRAF and HA-BRAF. 36 hours post-transfection, cells
were pretreated with 10 uM MG132 for 10 hours before harvesting.

(N) FZR1 failed to disrupt dimerization of BRAF D-box4-mutants. IB analysis of WCL and
IP derived from 293T cells transfected with various Flag-BRAF and HA-BRAF constructs
as indicated. 36 hours post-transfection, cells were pretreated with 10 uM MG132 for 10
hours before harvesting.

(O) ERK activity fluctuated during the cell cycle progression and depletion of FZR1
strongly activated ERK across the cell cycle. 1B analysis of WCL derived from shScr- or
shFZR1-infected T98G cells that were synchronized at the G1/S boundary by double-
thymidine block then released back into the cell cycle for the indicated periods of time.

(P) A schematic illustration of the proposed models for FZR1-mediated inhibition of BRAF
function via different mechanisms in different cellular contexts.
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Flgure 5. Phosphorylatlon of FZR1 N-terminus by ERK and CYCLIN D1/CDK4 Inhibits the
APCFZR1 E3 Ligase Activity

(A) A schematic illustration of previously identified serine/threonine sites that were
phosphorylated by CDK kinases, as well as the 4A-FZR1 and 6A-FZR1 mutants used in the
following studies.

(B-C) /n vitrokinase assays showing that bacterially purified WT- but not 4A- or 6A-GST-
FZR1 could be phosphorylated by ERK (B) or CYCLIN D1/CDK4 (C).

(D-E) Ectopic expression of BRAFV600E |ed to the elevation of FZR1 phosphorylation and
the accumulation of various APCFZRI ybiquitin substrates in immortalized human primary
melanocytes. Immunoblot (IB) analysis of whole cell lysates (WCL) and anti-FZR1
immunoprecipitates (IP) derived from EV or BRAFY600E expressing hTERT/p53DD/
CDK4R24C hyman melanocytes (IHPMs, D) or melan-a cells (E). Cells were pretreated with
10 pM MG132 for 10 hours before harvesting.

(F-G) Depletion of BRAF led to a hypo-phosphorylated, more active FZR1 in cells. IB
analysis of WCL and anti-FZR1 IP derived from control or shBRAF-infected A375 (F) or
HBL (G) cells. Cells were pretreated with 10 uM MG132 for 10 hours before harvesting.
(H) Doxycycline-induced expression of CYCLIN D1 led to the accumulation of APCFZR1
substrate CDC6 in U20S cells. U20S cells were infected with pTRIPZ lentiviral vectors
that allow the ectopic expression of either RFP (as a negative control) or CYCLIN D1 under
the control of doxycycline. The infected cells were selected with 1 pug/ml puromycin for 72
hours. Afterwards, 300 ng/mL doxycycline were added for 24 hours before harvesting to
induce the expression of CYCLIN D1.

(1) Doxycycline-induced depletion of CYCL/N D1 led to the decrease of APCFZR! substrate
CDC6, PLK1 and BRAF in HBL cells. HBL cells were infected with the pLKO-Tet-on
lentiviral vector that allows the depletion of CYCL/N D1 under the control of doxycycline.
The infected cells were selected with 1 pg/ml puromycin for 72 hours. Afterwards, 1 pg/mL
doxycycline was added for the indicated time periods before harvesting.

(J) Doxycycline-induced expression of non-phosphorylatable 6A-FZR1 led to the decrease
of APCFZR1 gybstrate PLK1 and CDC20 in BRAFV600E and CDK4R24C_expressing
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melanoma cells. BRAFV600E expressing SK-MEL-28 melanoma cells were infected with
pTRIPZ lentiviral vectors that allow ectopic expression of either RFP (as a negative control)
or 6A-FZR1 cDNA under the control of doxycycline. The infected cells were selected with 1
ug/ml puromycin for 72 hours. Afterwards, 300 ng/mL doxycycline were added for 24 h
before harvesting.

(K-L) Ectopic expression of non-phosphorylatable 6A-FZR1 in HelLa cells destabilized
BRAF. HeLa cells stably expressing GFP (as a negative control) or HA-6A-FZR1 were
treated with 20 pg/ml cycloheximide (CHX) for the indicated time periods before harvesting.
Equal amounts of WCL were immunoblotted with the indicated antibodies (K). (L)
Quantification of BRAF band intensities was plotted as mean + SD from three independent
experiments, BRAF bands were normalized to VINCULIN, then normalized to the t = 0
time point.
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Figure 6. Pharmacologically Inhibiting BRAF/ERK and CDK4 Restores the APCFZR1 E3 Ligase

Activity

(A) Protein levels of BRAF and other APCFZR1 substrates decreased upon BRAFY600E and
CDK4/6 inhibition in melanoma cells. IB analysis of BRAFY600E and CDK4R24C expressing
SK-MEL-28 melanoma cells treated with either 1 uM BRAFY600E inhibitor PLX4032
(V600Ei), 10 uM pan-CDK inhibitor mimosine (pan-CDKi), 1 uM CDKA4/6 inhibitor

PD0332991 (CDKA4i), 1 uM PLX4032+10 pM mimosine, 1 uM PLX4032+1 uM

PD0332991 or DMSO as a negative control for 24 h before harvesting. BRAF band
intensities were quantified using ImageJ, normalized to corresponding TUBULIN band

intensities, and then normalized to DMSO control lane.

(B) Protein levels of BRAF and other APCFZR1 substrates reduced upon MEK and CDK4/6
inhibition in melanoma cells. IB analysis of BRAFWT expressing HBL melanoma cells
treated with either 1 pM MEK inhibitor PD0325901 (MEK:i), 10 uM pan-CDK inhibitor
mimosine (pan-CDKi), 1 uM CDK4/6 inhibitor PD0332991 (CDK4i), 1 uM PD0325901+10
UM mimosine, 1 uM PD0325901+1 uM PD0332991 or DMSO as a negative control for 24 h
before harvesting. BRAF band intensities were quantified using ImageJ, normalized to
corresponding Tubulin band intensities, and then normalized to DMSO control lane.

(C) Depletion of £ZR1in BRAFV0OE_jnhibited melanoma cells led to the upregulation of
BRAF and PLK1. IB analysis of BRAFY600E expressing A375 melanoma cells, which were,
infected with the control (shScr) or the indicated sh~ZR7 lentiviral ShRNA constructs. The
infected cells were selected with 1 pg/ml puromycin for 72 hours to eliminate the non-
infected cells before harvesting. Prior to the harvest, cells were treated with DMSO (as a
negative control) or 1 uM BRAFY600E jnhibitor PLX4032 (V600Ei) for 24 hours as

indicated. BRAF band intensities were quantified using ImageJ, normalized to

corresponding Tubulin band intensities, and then normalized to DMSO control lane (upper

row) or normalized to shScr+V600Ei lane (lower row).

(D) A schematic illustration of the proposed model for the putative role of FZR1 in
suppressing BRAF dimerization-mediated transactivation of downstream MEK/ERK
signaling to bypass PLX4032 triggered BRAFY600E jnhibition in melanoma cells, as well as

how mechanistically hyperactive ERK and/or CYCLIN D1/CDK4-mediated
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phosphorylation of FZR1 inhibits APCFZR1 E3 ligase activity in BRAFY890E melanoma
cells.
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Figure 7. Depletion of FZR1 Co-operates with PTEN deficiency to Promote Co-activation of
BRAF/ERK and Akt Oncogenic Signaling Both in vitro and in vivo

(A) Co-depletion of FZR1and PTEN activated both ERK and AKT. Immunablot (I1B)
analysis of hTERT/p53DD/CDK4R24C human melanocytes (IHPMs) infected with the
indicated lentiviral constructs.

(B-C) IHPM cells could proliferate independent of TPA upon co-depletion of FZR1and
PTEN. IHPM cells generated in (A) were subjected to clonogenic survival assays in
RPMI-1640 media supplemented with 10% FBS without the essential growth factor, TPA for
21 days. Crystal violet was used to stain the formed colonies (B) and the colony numbers
were counted from three independent experiments. The colony numbers were calculated as
mean + SD (C).

(D) BRAF was accumulated and ERK was activated in FzrZ~/~ MEFs. IB analysis of WT
and Fzr1~!~ MEFs treated with 100 ng/ml EGF for the indicated period of time after 16 h
serum deprivation.

(E) BRAF was accumulated and ERK was activated in mouse skin lysates derived from
melanocyte conditional FzrZ knockout mice. IB analysis of lysates from flank skin tissue of
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the engineered 7yr:-:CreER,Pten’o/1oX -Fzr1/0x/Iox mice, treated with EtOH (as a negative
control) or 4-OHT. Flank skin tissues were harvested 21 days post-treatment for IB analysis.
(F) Elevation of both p-AKT and p-ERK was found in mouse skin samples derived from
melanocyte conditional ~zrZ knockout mice. H&E staining and immunohistochemistry
analysis of flank skin tissues from (E) using anti-p-AKT and anti-p-ERK antibodies as
indicated. Arrows indicate the positively stained cells around hair follicles that are putative
melanocytes. Scale bar: 100 pm.
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