Article

THE

EMBO

w P

SOURCE TRANSPARENT
DATA PROCESS

JOURNAL

TRIM27 cooperates with STK38L to inhibit
ULK1-mediated autophagy and promote

tumorigenesis

Yi Yang™" @, Yifu zhu" @, Shuai Zhou®®, Peipei Tang®(®, Ran Xu>*, Yuwei Zhang*®,
Dongping Wei®, Jian Wen®@, Rick F Thorne?*{, Xu Dong Zhang®*{, Jun-Lin Guan’®,

Lianxin LiuY @, Mian wul?

Abstract

Autophagy represents a fundamental mechanism for maintaining
cell survival and tissue homeostasis in response to physiological
and pathological stress. Autophagy initiation converges on the
FIP200-ATG13-ULK1 complex wherein the serine/threonine kinase
ULK1 plays a central role. Here, we reveal that the E3 ubiquitin
ligase TRIM27 functions as a negative regulatory component of the
FIP200-ATG13-ULK1 complex. TRIM27 directly polyubiquitinates
ULK1 at K568 and K571 sites with K48-linked ubiquitin chains, with
proteasomal turnover maintaining control over basal ULK1 levels.
However, during starvation-induced autophagy, TRIM27 catalyzes
non-degradative K6- and K11-linked ubiquitination of the serine/
threonine kinase 38-like (STK38L) kinase. In turn, STK38L ubiquitina-
tion promotes its activation and phosphorylation of ULK1 at Ser495,
rendering ULK1 in a permissive state for TRIM27-mediated hyper-
ubiquitination of ULK1. This cooperative mechanism serves to
restrain the amplitude and duration of autophagy. Further evidence
from mouse models shows that basal autophagy levels are increased
in Trim27 knockout mice and that Trim27 differentially regulates
tumorigenesis and metastasis. Our study identifies a key role of
STK38L-TRIM27-ULK1 signaling axis in negatively controlling autop-
hagy with relevance established in human breast cancer.
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Introduction

Autophagy is a conserved metabolic recycling pathway whereby
proteins, insoluble aggregates, and dysfunctional organelles are
engulfed and degraded by lysosomes (Mizushima & Komatsu,
2011). Dysregulated autophagy can lead to a variety of diseases
such as cancer and neurodegenerative disorders. Autophagy occurs
at low levels under nutrient-rich conditions where there is constitu-
tive recycling of biomaterials to maintain energy homeostasis
(Levine & Kroemer, 2008). Conversely, autophagic flux is increased
following stress conditions such as limiting nutrients, hypoxia and
growth factor deprivation in order to support cellular activities and
maintain cell viability.

Autophagy is a sequential process (Nakatogawa et al, 2009; Yang
& Klionsky, 2009) and among autophagy-related genes, the serine/
threonine kinase ULK1 plays a central role in autophagy initiation
through a complex formed with ATG13, FIP200, and ATG101
(Ganley et al, 2009; Hosokawa et al, 2009a, 2009b; Mercer et al,
2009; Mizushima, 2010). In yeast, Atgl complex formation is dynam-
ically regulated by the Torl complex, leading to inhibition or initia-
tion of autophagy in a nutrient-dependent manner. However in
mammals, ULK1 constitutively associates with ATG13 and FIP200
irrespective of nutrient conditions and the presence of this complex
per se is not sufficient to initiate autophagy (Ganley et al, 2009;
Hosokawa et al, 2009a; Wong et al, 2013). This predicates that other
factors are involved in initiating autophagy. Indeed, under stress con-
ditions, ULK1 activation is not only induced by AMPK-mediated
phosphorylation but also by mTOR inhibition which leads to the
removal of inhibitory mTOR sites on ULK1 (Ganley et al, 2009;
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Hosokawa et al, 2009a; Kim et al, 2011). Such activation permits
ULK1 to phosphorylate downstream targets in the Beclinl complex
to trigger the autophagy cascade (Russell et al, 2013). A number of
studies have established that ULK1 is essential for autophagy initia-
tion during starvation, but paradoxically, recent reports have
suggested that ULK1 is rapidly degraded upon nutrient-induced star-
vation (Allavena et al, 2016; Liu et al, 2016; Nazio et al, 2016). Rela-
tively few studies have disclosed the precise mechanisms involved
and how the ULK1 complex is regulated is still largely unknown.

TRIM27 (tripartite motif-containing 27) belongs to the tripartite
motif (TRIM) proteins, a family of more than 70 genes with con-
served domain architectures (Hatakeyama, 2017). Most members
contain an N-terminal RING-finger domain, the signature domain for
E3 ubiquitin ligases, along with one or two B-box zinc finger
domains followed by a coiled-coil domain (Watanabe & Hatakeyama,
2017). TRIM proteins are collectively implicated in a broad range of
physiopathological processes, including cancer, immunological dis-
eases, and neurological disorders. Different TRIM family proteins
have been variously linked to autophagy where they most often have
been shown to influence key upstream pathways that converge on
autophagy initiation (Di Rienzo et al, 2020). For example, TRIM37
affects the mTOR pathway to inhibit autophagy (Wang et al, 2018),
whereas similarly, the control of intracellular Ca®" levels by TRIM19
also restrains autophagy through effects on AMPK activity (Missiroli
et al, 2016). In some instances, the ubiquitin ligase activity of TRIM
proteins directs key targets toward proteasomal degradation as
occurs with TRIM28 in the turnover of AMPK (Pineda et al, 2015).
Nevertheless, TRIM protein-mediated ubiquitination does not always
result in proteasomal degradation as seen with TRIMS0 which acti-
vates autophagy through the non-degradative modification of Beclin-
1 (Fusco et al, 2018). Moreover, not all mechanisms linking TRIM
proteins with autophagy have been fully clarified, in particular those
directly acting on key autophagy components. Specifically regarding
TRIM27, different reports have revealed its functions in cell prolifera-
tion, apoptosis, and innate immunity (Zaman et al, 2013; Zheng
et al, 2015; Ma et al, 2016); however, its involvement in autophagy
has not been reported.

Here, we reveal a regulatory nexus between TRIM27 and the
autophagy initiation complex that is critical for controlling autop-
hagy under basal and starvation conditions. We show basal levels of
autophagy are maintained through TRIM27-mediated ubiquitination
and proteasomal degradation of ULK1. Following autophagy induc-
tion, TRIM27 ubiquitinates and activates the serine/threonine kinase
STK38L which then phosphorylates ULK1, delivering ULK1 in a per-
missive state for hyper-ubiquitination by TRIM27. We further dem-
onstrate increased basal autophagy in Trim27 knockout mice and
establish physiological relevance in the context of breast cancer.

Results

Identification of TRIM27, a novel binding partner of the
FIP200-ATG13-ULK1 complex

To discover regulators of the FIP200-ATG13-ULK1 complex, we
used an unbiased mass spectrometry approach to recover endoge-
nous FIP200-interacting proteins in mouse embryonic fibroblasts
(MEF) under control versus starvation conditions. Using FIP200
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knockout MEF cells to filter out non-specific interactors, we identi-
fied interactions between FIP200 and previously reported partners
including ULK1, ATG13, ATG101 and CCPG1 (Hosokawa et al,
2009b; Wong et al, 2013; Smith etal, 2018) (Fig 1A and
Appendix Table S1). An additional 21 novel candidates were selec-
tively retrieved under starvation conditions including two E3
ubiquitin ligases, TRIM27 and NEDD4. Since NEDD4 has previously
been implicated in autophagy regulation (Lin et al, 2017; Sun et al,
2017), we focused on verifying the role of TRIM27.

To characterize whether TRIM27 bound to FIP200 discretely or
as part of the ULK complex, we reconstructed interactions between
ectopically expressed Flag-TRIM27 with individually expressed HA-
tagged forms of FIP200, ULK1 and ATG13. Notably, we found Flag-
TRIM27 was co-immunoprecipitated with exogenous FIP200, ULK1
and ATG13 (Fig 1B), suggesting their interactions occurred as a
complex. These findings were verified in the endogenous context
where TRIM27 coprecipitated FIP200, ULK1 and ATG13 in nutrient-
starved MEF (Fig 1C). Repeating the assay in FIP200 knockout cells
showed endogenous TRIM27 still bound to ULK1 and ATGI13
(Fig 1D and Appendix Fig S1A). Moreover, TRIM27 failed to copre-
cipitate FIP200 and ATG13 in ULK1/2 double knockout MEF cells,
although the previously reported interactor USP7 was recovered
(Figs 1E and Appendix Fig S1B). Lastly, TRIM27 was shown to bind
to ULK1 in the absence of ATG13 (Figs 1F and Appendix Fig S1C).
Together, these data suggested that TRIM27 is associated with the
FIP200-ATG13-ULK1 complex via interaction with ULK1.

Next, we performed domain mapping to better define the
TRIM27-ULK1 interaction. Interactions were assessed by reciprocal
immunoprecipitation between truncated forms of epitope-tagged
ULK1 and TRIM27, respectively. Notably, while the N-terminal
1-600 amino acids (AA) of ULK1 interacted with TRIM27, 1-500AA
did not, thereby localizing the TRIM27-interaction sequence
between 500 and 600AA (Fig 1G). Conversely, the coiled-coil
domain but not the RING-BOX domain of TRIM27 was required for
its interaction with ULK1 (Appendix Fig S1D).

Lastly, given that TRIM27 bound ULK1 in MEF cells under star-
vation, as independent verification, we then confirmed the associa-
tion in human HeLa cells, in that HA-ULK1 bound to more
endogenous TRIM27 in response to starvation (Figs 1H and
Appendix Fig S1E). Moreover, the interaction between ULK1 and
TRIM27 was gradually increased upon starvation but was reduced
when the starved cells were replenished with normal growth
medium (Fig 1I). Additionally, the interaction between recombinant
forms of TRIM27 and ULK1 could be readily observed in glutathione
S-transferase (GST) pulldown assays (Fig 1J). Taken together, our
data indicate that TRIM27 binds to components of FIP200-ATG13-
ULK1 complex via ULK1 and its binding to ULK1 was induced in
response to starvation conditions (Fig 1K).

TRIM27 is an E3 ubiquitin ligase targeting ULK1

We next evaluated whether TRIM27 served to ubiquitinate ULK1
using His-based ubiquitination assays in HEK293T cells. Indeed, co-
expression of TRIM27 selectively promoted the ubiquitination of
ULK1, but not FIP200 or ATG13 (Figs 2A and EV1A and B). Deple-
tion of endogenous TRIM27 significantly decreased ULK1 ubiquiti-
nation (Fig 2B) and as anticipated, the RING-finger domain of
TRIM27 was required for ULK1 ubiquitination (Fig EV1C). Moreover,
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Figure 1. TRIM27 binds directly to ULK1 and this binding is regulated by nutritional starvation.

A Venn diagram of FIP200 binding proteins identified in MEF following FIP200 co-immunoprecipitation analysis under normal versus starvation conditions.

B Co-immunoprecipitation assays in HEK293T cells after co-transfection with Flag-TRIM27 and the indicated combinations of empty HA-vector, HA-tagged FIP200,
ULK1, or ATG13 before immunoprecipitation with anti-HA antibodies. Immunoprecipitates (top panel) and input samples (bottom panel) were then subjected to
Western blotting against anti-HA or Flag.

C-F WT (C), FIP200 knockout (KO) (D), ULK1/2 knockout (E) MEF cells or ATG13 knockout 4T1 cells (F) were subjected to starvation conditions before immunoprecipitation
against control Immunoglobulin G (IgG) or anti-TRIM27 before blotting against the indicated endogenous forms of TRIM27, FIP200, ULK1, ATG13, and USP7.

G Co-immunoprecipitation assays in HEK293T cells after co-transfection with Flag-TRIM27 and either full length ULK (HA-ULK1 1-1,051) or the indicated various trun-
cated forms of ULK1 designated HA-ULK1 1-828, HA-ULK1 1-600, and HA-ULK1 1-500; AA, amino acids.

H

Co-immunoprecipitation assays in Hela cells stably expressing HA-ULK1 and immunoprecipitation against IgG or HA followed by Western blotting as indicated.
Hela cells stably expressing Flag-TRIM27 were starved as indicated or starved for 2h before replenishing with complete medium. Anti-Flag immunoprecipitates (top
panel) and input samples (bottom panel) were then subjected to blotting against Flag and ULK1.

J Purified recombinant GST or GST-TRIM27 was incubated with recombinant HA-ULK1 and bound ULK1 analyzed by Western blotting.

K Schematic diagram of TRIM27 binding to ULK1-ATG13-FIP200 complex in normal or starvation conditions.

Data information: For B-J, the experiments were performed at least three times independently with similar results.
Source data are available online for this figure.

GST-TRIM27 readily ubiquitinated recombinant HA-ULK1 in vitro target ULK1 (Nazio et al, 2016) and its homologue NEDD4 (Yang &
(Fig 2C). We also compared the relative ability of TRIM27 to ubiquiti- Kumar, 2010). Interestingly, TRIM27 mediated comparatively
nate ULK1 against NEDDA4L, another E3 ligase previously shown to higher levels of ULK1 ubiquitination than either NEDD4L or
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Figure 2. TRIM27 promotes ULK1 degradation via K48-linked ubiquitination of ULK1 at K568/K571.

A, B Ubiquitination assays in HEK293T cells after co-transfection with HA-ULK1 and His-Ub along with Flag-TRIM27 (A) or after knockdown of TRIM27 using indepen-
dent shRNAs (shTRIM27-1 and -2) (B). Samples recovered with Ni-NTA (top panel) and input samples (bottom panel) were then subjected to blotting against anti-

HA, Flag or His as indicated.

C In vitro ubiquitination assays performed with the indicated combinations of recombinant GST, GST-TRIM27, affinity-purified HA-ULK1 and His-Ub in the presence
or absence of E1, E2, and ATP. The reactions were analyzed with anti-Ub, anti-HA, or anti-GST.
D, E Western blot analysis of ULK1 levels in HelLa cells stably expressing control or TRIM27 shRNAs (D), or HEK293T cells transfected with empty Flag vector (=) or Flag-

TRIM27 after treatment with or without 10 uM MG132 for 4 h (E).

F Fluorescence microscopy image of MEFs with stable expression of mCherry-ULK1 and GFP-TRIM27 after treating cells with DMSO (MOCK) or 10 uM MG132 for 4 h.

Scale bar, 10 um.

G—J HA-ULK1 levels (G, H), or endogenous ULK1 levels (I, J) in 50 pg/ml cycloheximide (CHX)-treated HEK293T cells with or without co-expression of Flag-TRIM27 (G, H)
or TRIM27 RNAI (I, ). Western blots against HA-ULK1 and actin control (G, I) were subjected to densitometric quantitation (H, J).

K, L Ubiquitination assays were performed in HEK293T cells as per (A, B) after co-transfection with full length HA-ULK1 or the indicated truncated constructs (K) or dou-
ble (K568/K571R) or single (K568R, K571R) lysine substitution mutants (L) in the presence or absence of Flag-TRIM27.

z=Z

TRIM27.

Ubiquitination of HA-ULK1 measured as per (A, B) in cells co-expressing Flag-TRIM27 with either His-Ub WT, His-Ub K48, or His-Ub K63, respectively.
In vitro ubiquitination assays performed as per (C) against affinity-purified HA-ULK1 WT or the HA-ULK1 K568/K571R mutant in the presence or absence of GST-

(o] ULK1/2 knockout MEFs stably expressing the indicated HA-ULK1 constructs were subjected to Western blot analysis against HA or actin before (0 h) and after treat-

ment with CHX for 12 h.

Data information: For (A-O), the experiments were performed at least three times independently with similar results. All the statistical data are presented as mean + SD
of three independent experiments. Statistical analysis was performed using two-tailed unpaired Student’s t-tests (H and ), **P < 0.01.

Source data are available online for this figure.

NEDD4 (Appendix Fig S2A). Notably, knockdown of TRIM27 did
not affect interactions between ULK1 and NEDD4L or NEDD4
(Appendix Fig S2B and C) suggesting TRIM27 does not
intrinsically compete with NEDD4L or NEDD4 for ULK1 binding.
Thus, together these data establish ULK1 as a direct substrate of
TRIM27 E3 ligase.

We then investigated the consequences of TRIM27-mediated
ULK1 ubiquitination. Knockdown of TRIM27 increased ULK1 pro-
tein levels, but did not affect ULK1 mRNA (Figs 2D and EV1D and
E). Similarly, TRIM27 overexpression had no effect on ULK1 mRNA
expression (Fig EV1F), but notably downregulated ULK1 protein
levels, which was blocked by proteasomal inhibition with MG132
(Figs 2E and EV1G), indicating increased proteasomal degradation.
In support, MG132 treatment resulted in marked increases in the
colocalization of overexpressed mCherry-ULK1 and exogenous GFP-
TRIM27 in punctate cytoplasmic structures (Fig 2F). Consistently,
cycloheximide chase assays revealed that ectopic Flag-TRIM27
expression destabilized ULK1 protein levels (Fig 2G and H),
whereas TRIM27 knockdown increased ULK1 stability (Fig 2I and
J). Thus, TRIM27-mediated ULK1 ubiquitination leads to its protea-
somal degradation.

To identify ULK1 ubiquitination sites, we first determined ubiqui-
tination levels in ULK1 C-terminal and N-terminal truncation
mutants after overexpression of TRIM27 (Figs 2K and EV1H). This
analysis suggested that the principal ubiquitination sites exist within
500-600AA of ULK1, a region that contains only two lysine residues
(K568 and K571; Fig EV1I). Consequently, single and double substi-
tution mutants were prepared to test whether either or both acted as
TRIM27 substrate sites in ubiquitination assays. Notably, the K568R
and K571R mutants partially diminished, while the K568/K571R
double mutant almost completely abolished ULK1 ubiquitination
(Figs 2L and EV1J), indicating that TRIM27 modifies ULK1 at resi-
dues K568 and K571.

Polyubiquitylation principally occurs as either K48 or K63-
linked ubiquitin chains (Ohtake et al, 2016). K48-linked polyubi-
quitination mostly appears as a universal signal for proteasomal
degradation, whereas K63-linkage is often implicated in protein

© 2022 The Authors

activity regulation. To characterize TRIM27-mediated polyubiquiti-
nation in ULK1, we repeated the ubiquitination assays using
mutant His-Ub K48 (all lysines mutated to arginine except lysine
48), and His-Ub K63 (lacking all lysine residues except lysine 63).
We found that TRIM27 markedly promoted ULK1 polyubiquitina-
tion in the presence of K48, but not K63 His-Ub in cell-based
(Fig 2M) and in vitro assays (Fig 2N). Furthermore, consistent
with TRIM27 acting to decrease ULK1 protein stability, reconsti-
tuting ULK1 knockout cells with single or double mutant forms of
HA-ULK1 showed that the K568/K571R ULK1 mutant accumulated
in cycloheximide-treated cells (Figs 20 and EV1K). Collectively,
these data show that TRIM27 functions as a negative regulator of
ULK1 by promoting K48-linked polyubiquitination and proteasomal
degradation.

TRIM27 negatively regulates autophagy

Given the essential role of ULK1 in autophagy initiation, we sought
to determine how TRIM27 affects autophagy. As anticipated from
the preceding experiments, deletion of TRIM27 in HeLa cells using
CRISPR-Cas9 increased ULK1 levels with accompanying rises in
Ser318-phosphorylated ATG13 levels which is a known ULK1 sub-
strate (Fig 3A). Moreover, autophagy flux was increased in TRIM27-
depleted cells as indicated by reduced p62 levels and these effects
were reversed when the knockout cells were reconstituted with
exogenous TRIM27 (Fig 3B). Consistently, the re-introduction of
ULK1 in ULK1-KO HeLa cells showed that p62 degradation was
enhanced by the K568/K571R mutant, suggesting heightened autop-
hagy flux (Fig EV2A and B). Furthermore, TRIM27 depletion
resulted in significant increases in the LC3-1I/LC3-I ratio (a readout
of autophagy) in the presence and absence of Bafilomycin A, an
inhibitor that blocks autophagic flux by inhibiting autophagosome-
lysosome fusion (Figs 3C and EV2C). Lastly, imaging of the GFP-
LC3 autophagy reporter in ULK1-KO HeLa cells in the presence of
Bafilomycin A showed that ectopic expression of the K568/K571R
ULK1 mutant significantly increased the numbers of GFP-LC3 puncta
(autophagosomes) compared to wildtype ULK1 (Fig EV2D and E).
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Therefore, TRIM27-mediated regulation of ULK1 serves to inhibit
autophagy.

We next generated Trim27 knockout (Trim27~/7) mice to further
explore the role of TRIM27 in autophagy (Appendix Fig S3A-C).
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Consistently we found that basal autophagy levels were increased in
Trim27~/~ MEF compared to wild-type (WT) MEF controls as
reflected by increases in LC3-II protein abundance (Fig 3D) along
with increased autophagosome numbers (Fig 3E and F). As
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Figure 3. TRIM27 is a negative regulator of autophagy.

The EMBO Journal

A Western blot analysis of autophagy marker proteins (p62 and Ser318 phosphorylated ATG13) in WT Hela cells and two independent TRIM27 KO clones. ULK1 and

TRIM27 levels were measured, along with actin as a loading control.

B TRIM27 KO Hela cells were reconstituted with Flag-TRIM27 and Western blotting was performed as per (A).

C LC3 conversion was measured by Western blot in WT or TRIM27 KO Hela cells with or without pretreatment with 200 nM bafilomycin A1 (BAF Al).

D Western blot analysis of indicated proteins in MEFs generated from Trim27"* or Trim27~/~ mice.

E-H Immunofluorescence analysis of endogenous LC3 in MEFs generated from Trim27*"* or Trim27 '~ mice cultured in fed (E) or starved conditions (G). Quantification
of LC3B puncta Fed conditions (F), starved conditions (H) (n = 50 cells per condition). Data are mean + SD in F and H. Scale bar, 10 um.

I,J  Western blot analysis of autophagy markers in the kidneys of 3-month-old Trim27"* and Trim27~/~ mice. Each lane represents a different mouse (I). Quantification
of p62, LC3-11/LC3-I ratio, and LC3-ll/actin ratio in | (J). Data are mean + SEM for three mice per genotype.

K Microscopy analysis of GFP-LC3 puncta in MEFs generated from indicated genotype mice in normal or starvation conditions. Scale bar, 10 pm.

L, M Quantitation of data presented in (K) shows mean number of GFP-LC3 puncta per cell & SD (n = 50 cells per condition).

Data information: (F, H, J, L and M) Statistical analysis was performed using two-tailed unpaired Student’s t-tests, *P < 0.05, ***P < 0.001.

Source data are available online for this figure.

expected, starvation increased autophagosomes, but their numbers
were greatly accentuated in Trim27/~ MEF (Fig 3G and H). Strik-
ingly, comparisons of kidney tissues from mice against those from
littermate controls demonstrated significant increases in LC3 conver-
sion ratios (LC3-I1I/LC3-I) and downregulation of p62 (Figs 31 and J).
Moreover, further analysis of liver, spleen, brain, and thymus
lysates also showed increased accumulation of ULK1 protein levels
in major organs of Trim27 knockout mice (Fig EV2F-M), suggesting
high basal levels of autophagy in the absence of TRIM27. Lastly, to
provide an independent demonstration of these findings, we derived
MEF cells from Trim27 /" mice crossed with GFP-LC3 autophagy
reporter mice. Analysis of these cells confirmed that TRIM27 knock-
out increased both basal and starvation-induced autophagy (Fig 3K-M).
Together, our data indicate a crucial role of TRIM27 as a negative
regulator of autophagy.

STK38L negatively regulates starvation-induced autophagy via
promoting binding between TRIM27 and ULK1

Previous reports have shown that ULK1 undergoes rapid degrada-
tion during nutrient starvation (Liu et al, 2016; Nazio et al, 2016)
and consistently we found that starvation downregulated ULK1 in
HeLa cells (Appendix Fig S4A). Our prior experiments established
increased binding of TRIM27 with ULK1 under starvation conditions
(Fig 1I), but it remained to be determined to what extent TRIM27
was involved in the starvation-induced downregulation of ULKI.
Toward this, we found that ULK1 ubiquitination was greatly
enhanced during starvation and these increases were blocked by
TRIM27 depletion (Fig 4A). Consistently, TRIM27 depletion mark-
edly delayed ULK1 degradation (Fig 4B) and moreover, the K568/
K571R HA-ULK1 mutant was resistant to cell starvation-induced
degradation when used to reconstitute ULK1 KO cells (Fig 4C).
Thus, the enhanced ubiquitination of ULK1 by TRIM27 is triggered
by nutrient starvation and is responsible for the stimulus-specific
degradation of ULK1.

We further considered the mechanisms responsible for driving
interactions between TRIM27 and ULKI in response to starvation.
Mindful of the important role of regulation by posttranslational
modifications, mass spectrographic analysis of TRIM27-interacting
proteins identified the protein kinase STK38L among the top ten
interacting proteins (Fig 4D and Appendix Table S5). Within the
top 50 candidates, we also detected JAK1 kinase, previously shown
to bind to TRIM27 (Zhang et al, 2018). Notably, knockdown of

© 2022 The Authors

STK38L, but not JAK1 significantly inhibited the interaction between
TRIM27 and ULK1 under starvation conditions (Figs 4E and
Appendix Fig S4B-E). We therefore focused our investigations on
understanding how the STK38L-TRIM27 interaction might impinge
on the regulation of ULK1.

We confirmed co-immunoprecipitation between endogenous
TRIM27 and STK38L (Fig 4F) and moreover, demonstrated that
ectopic Flag-STK38L co-precipitated both TRIM27 and ULK1 with
their recovery levels increasing after starvation (Fig 4G). Addition-
ally, STK38L depletion markedly diminished the levels of interaction
between TRIM27 and ULK1 (Figs 4H and Appendix Fig S4F and G).
Intriguingly, STK38L overexpression decreases endogenous ULK1
levels to some extent, recapitulating the effects of TRIM27 overex-
pression whereas co-expression of STK38L and TRIM27 markedly
downregulated ULK1 levels (Fig 4I). These observations were con-
sistent with STK38L promoting ULK1 ubiquitination, and indeed,
the addition of STK38L increased the levels of TRIM27-mediated
ULK1 ubiquitination (Fig 4J). Conversely, depletion of STK38L
greatly delayed the starvation-induced degradation of ULK1
(Fig 4K). Together these data support the notion that STK38L medi-
ates interactions between TRIM27 and ULK1, leading to the ubiquiti-
nation and degradation of ULK1 under starvation conditions.

Lastly, examination of autophagy in control and STK38L KO cells
showed that the absence of STK38L promoted increases in LC3 con-
version in Bafilomycin Al-treated cells under starvation (Fig 4L),
indicating that STK38L exerts an inhibitory effect on autophagy flux.
Taken together, these data propose that STK38L functions as a
mediator of the TRIM27-ULK]1 interaction, acting to constrain autop-
hagic flux by controlling the levels of ULK1. Nevertheless, the pre-
cise mechanisms involved required further investigation.

STK38L mediates phosphorylation of ULK1 at Serine 495

Since STK38L is fundamentally a serine/threonine kinase, we tested
whether its kinase activity was required to regulate ULK1 stability.
Notably, use of the kinase-dead K119A STK38L mutant (Stegert
et al, 2005) failed to promote ULK1 degradation during starvation
(Figs 5A and EV3A), indicating that STK38L-mediated ULK1 degra-
dation depends on kinase activity. Nevertheless, whether STK38L
directly phosphorylated ULK1 or alternatively regulated TRIM27 by
phosphorylation needed to be clarified. This point was resolved by
measuring total serine/threonine phosphorylation levels where the
ectopic expression of STK38L promoted phosphorylation increases
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Figure 4. STK38L negatively regulates starvation-induced autophagy via promoting binding between TRIM27 and ULK1.

A

B

Ubiquitination analysis of HA-ULK1 in Hela derivatives generated in Fig 1(H) co-expressing His-Ub with or without TRIM27 knockout, the cells were treated with star-
vation for the indicated time.

Western blot analysis of ULK1 levels in HeLa cells with or without TRIM27 knockout. The cells were treated with starvation for the indicated time. The lysates were
analyzed using anti-ULK1, anti-TRIM27, or anti-Actin.

HA-ULK1, HA-ULK1 K568/K571R were stably expressed in ULK1 knockout Hela cells, the cells were treated with starvation, the lysates were analyzed by Western blot
using anti-HA, or anti-Actin.

List of potential Top 10 proteins that bind to TRIM27 under starvation conditions identified by mass spectrometry.

Co-immunoprecipitation of Flag-TRIM27 with HA-ULKL in HEK293T cells with or without STK38L knockdown, the cells were treated with starvation. Flag-TRIM27 was
immunoprecipitated using anti-Flag, the bound HA-ULK1 was detected using anti-HA.

Co-immunoprecipitation of endogenous TRIM27 with endogenous STK38L in HeLa cells.

Co-immunoprecipitation of Flag-STK38L with ULK1, or TRIM27 in HEK293T cells with or without starvation treatment. Flag-STK38L was immunoprecipitated using
anti-Flag, the immunoprecipitates and lysates were analyzed with anti-ULK1, anti-TRIM27.

Co-immunoprecipitation of endogenous TRIM27 with endogenous ULK1 in HeLa cells with or without STK38L knockout. The cells were treated with starvation before lysis.
Western blot analysis of ULK1 levels in starved Hela cells expressing either Myc-STK38L, or Flag-TRIM27, or both. The lysates were analyzed using anti-ULK1, anti-
Flag, anti-Myc, or anti-actin.

Ubiquitination analysis of HA-ULK1 in HEK293T cells co-expressing Flag-TRIM27 and His-Ub, or together with Myc-STK38L.

Western blot analysis of ULK1 levels in Hela cells with or without STK38L knockout, the cells were treated with starvation for the indicated time.

Western blot analysis of p62 or LC3 levels in HeLa cells with or without STK38L knockout, the cells were treated with starvation for the indicated time. Bafilomycin A1
(BAF A1) was used to inhibit the fusion between autophagosomes and lysosomes.

Source data are available online for this figure.

in ULK1 (Fig 5B) but not TRIM27 (Fig EV3B). Moreover, the phos- As a primary screening strategy, we hypothesized that ablating
phorylation of ULK1 by STK38L could be readily reproduced ULK1 phosphorylation would prevent or reduce the association
using in vitro kinase assays (Fig EV3C). Thus, ULK1 is directly between ULK1 and TRIM27. Phosphoproteomics analysis identified
phosphorylated by STK38L and we next sought to identify the phos- ten phosphorylated serine and threonine residues in tryptic peptides
phorylation site(s) involved. derived from mouse ULK1 (Appendix Fig SSA and B). Based on this
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Figure 5. TRIM27-mediated ubiquitination activates STK38L to phosphorylate ULK1.
A Western blot analysis of ULK1 levels in Hela cells stably expressing Flag-TRIM27, the cells were transfected with either Myc-vector, Myc-STK38L, or Myc-STK38L-

K119A. Then the cells were treated with starvation before lysis.

B Phosphorylation of HA-ULKL in HelLa STK38L knockout cells with or without expression of Flag-STK38L. HA-ULK1 was immunoprecipitated and then analyzed by
Western blot using anti-phosphoserine or anti-phosphothreonine, and the cell lysates were analyzed using anti-HA and anti-Myc.
C Co-immunoprecipitation of Flag-TRIM27 with HA-ULK1 or HA-ULK1-S495A in HEK293T cells. HA-ULK1 or HA-ULK1 S495A was immunoprecipitated using anti-HA, the

immunoprecipitates and lysates were analyzed with anti-HA or anti-Flag.

D Ubiquitination analysis of HA-ULK1 WT or HA-ULK1 S495A in HEK293T cells co-expressing Flag-TRIM27 and His-Ub.
E Phosphorylation of HA-ULK1 in HEK293T cells co-expressing Myc-STK38L with or without CIP treatment. HA-ULK1 was immunoprecipitated with anti-HA and ana-

lyzed by Western blot using a specific antibody against p-ULK1-S495 (Ser495).

F  Phosphorylation of HA-ULK1 or HA-ULK1 S495A in HEK293T cells co-expressing Myc-STK38L. HA-ULK1 or HA-ULK1 S495A was immunoprecipitated with anti-HA and

analyzed by Western blot using a specific antibody against p-ULK1-5495 (Ser495).

G In vitro kinase assay using GST-STK38L, or GST-STK38L K119A (a kinase-inactive mutant) and HA-ULK1 as substrate. GST-STK38L or GST-STK38L K119A was pulled
down using glutathione Sepharose beads. HA-ULK1 was immunoprecipitated from HEK293T using anti-HA and treated with lambda phosphatase, the reaction prod-

uct was analyzed by Western blot using p-ULK1-S495 (Ser495).

H Ubiquitination analysis of Myc-STK38L in HEK293T cells co-expressing Flag-TRIM27 and His-Ub.
| Ubiquitination analysis of Flag-STK38L in HEK293T cells co-expressing His-Ub with or without TRIM27 knockdown, cells were cultured in fed or starved conditions as

indicated.

) Ubiquitination analysis of Flag-STK38L in HEK293T cells co-expressing Myc-TRIM27 with either His-Ub (wild-type) or His-Ub K6R.
K Ubiquitination analysis of Myc-STK38L WT, Myc-STK38L-K432R+K434R or Myc-STK38L-K181R+K215R+K224R+K432R+K434R (Myc-STK38L-5KR) mutant in HEK293T

cells co-expressing HA-TRIM27 and His-Ub.

L Ubiquitination analysis of Myc-STK38L K1-38R mutant (All lysines were mutated to arginines), or Myc-STK38L-R181/215/224/432/434K (All lysines were mutated to
arginines except the indicated five lysine residues) mutant in HEK293T cells co-expressing HA-TRIM27 and His-Ub.

M Phosphorylation of HA-ULK1 S495(Ser495) in HEK293T cells co-expressing Myc-STK38L WT, or Myc-STK38L-5KR mutant in K. The cells were cultured in fed or starved
conditions as indicated and HA-ULK1 was immunoprecipitated using anti-HA, the immunoprecipitates and lysates were analyzed with a specific antibody against

p-ULK1-S495 (Ser495), anti-Myc, anti-HA, or anti-actin.

N Phosphorylation of HA-ULK1 in Hela cells with or without TRIM27-knockout, cells were cultured in fed or starved conditions as indicated, HA-ULK1 was immunopre-
cipitated using anti-HA, the immunoprecipitates and lysates were analyzed with a specific antibody against p-ULK1-S495 (Ser495), anti-HA, or anti-actin.

Source data are available online for this figure.

result we prepared individual serine/threonine mutant HA-ULK1
constructs and conducted co-immunoprecipitation experiments in
HEK293T cells transfected with Flag-TRIM27. Most serine/threonine
ULK1 mutants recovered similar amounts of Flag-TRIM27 with the
exception of the S494A mutant (Fig EV3D and E). Notably, the same
residue is conserved in mouse/human ULK1 and similarly, mutation
of the equivalent Ser495 residue reduced the association between
human ULK1 and TRIM27 (Fig 5C). Highlighting the importance of
Ser495, the S495A ULK1 mutant was considerably less ubiquitinated
than WT ULK1 when HEK293T cells were co-transfected with Flag-
TRIM27 (Fig 5D).

To enable further investigation, we developed affinity-purified anti-
bodies against phosphorylated Ser495 (p-ULK1-S495). Notably,
p-ULK1-S495 reactivity signals showed robust increases when co-
expressed with WT STK38L but all signals were abolished upon phos-
phatase treatment (Fig SE). Moreover, no p-ULK1-S495 reactivity was
seen against the S495A HA-ULK1 mutant (Fig S5F). Lastly, to verify
that STK38L was directly responsible for ULK1 Ser495 phosphoryla-
tion, we performed in vitro kinase assays using recombinant forms of
GST-STK38L and HA-ULK1. As expected, p-ULK-S495 antibodies
detected strong phosphorylation signals in ULK1 when co-incubated
with GST-STK38L but not in the presence of the K119A mutant GST-
STK38L (Fig 5G). Together these data indicated that Ser495 is a bona
fide phosphorylation site in ULK1 catalyzed by STK38L.

Cooperative regulation between TRIM27 and STK38L is required
to mediate ULK1 degradation in response to starvation

The preceding experiments established that ULK1 but not TRIM27
was a substrate of STK38L kinase activity but nevertheless, their
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physical interaction raised the alternate possibility that STK38L was a
substrate of TRIM27. Indeed, we observed that cell starvation condi-
tions induced TRIM27-dependent ubiquitination of STK38L (Fig SH
and 5I). Notably, STK38L protein levels remained stable during starva-
tion and after TRIM27 ectopic expression or knockout (Figs 4K and
EV3F and G), suggesting that STK38L was modified by a non-
degradative type of ubiquitination. Resolving this point was significant
given that ubiquitination can regulate kinase activity, for example as
has been demonstrated for Akt (Hunter, 2007; Yang et al, 2010).

To test this notion, ubiquitination assays were performed in
HEK293T cells co-expressing Myc-TRIM27 and Flag-STK38L. Assays
of cells transfected with His-tagged ubiquitin mutants (K6, K11,
K27, K29, K33, K48 and K63) where all but one lysine had not been
mutated showed that TRIM27-mediated ubiquitination of STK38L
was not K48-or K63-linked but rather predominately involved K6-
linkage and to a lesser extent, K11 (Fig EV4A). Follow-up experi-
ments confirmed that substituting WT His-ubiquitin for the K6R
mutant greatly diminished the total polyubiquitination signals in
STK38L (Fig 5J).

In combination with these findings, we also sought to identify
the ubiquitin-modified sites within STK38L using an empirical
screening approach. As anticipated, mutating all 38 lysine residues
in STK38L abolished ubiquitination while other mutant constructs
exhibited partial loss of ubiquitination, localizing the substrate sites
to lysines 16-19 (K181, K182, K215 and K224, respectively) and
within lysines 28-38 (Fig EV4B and C). Further iterative interroga-
tion arrived at five residues (K181, K215, K224, K432 and K434)
which contributed to varying extents to the TRIM27-mediated
ubiquitination of STK38L (Fig EV4D). In support, the levels of
STK38L ubiquitination stimulated by starvation conditions were

© 2022 The Authors
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greatly when all five of the aforementioned lysine residues were
substituted for arginine (SKR mutant; Fig 5K), but signals were sig-
nificantly enhanced in a mutant construct where all but these five
lysine residues were mutated to arginine (Fig SL).

Lastly, we sought to synthesize the functional relationships
between TRIM27, STK38L and ULK1. First, we observed that the
starvation-induced increases in ULK1 Ser495 phosphorylation were
not observed with the 5KR mutant (Figs 5SM and EV3H), indicating
that STK38L ubiquitination serves to activate its kinase activity.
Consistent with this notion, ULK1 Ser495 phosphorylation changes
under starvation conditions required the presence of TRIM27
(Figs 5N and EV3I), highlighting the importance of TRIM27-
mediated activation of STK38L in the phosphorylation of ULK1.

TRIM27 promotes mammary tumorigenesis

The preceding sections established the conserved role of TRIM27 as
a negative regulator of autophagy. Nevertheless, it remained impor-
tant to ascertain the significance of the TRIM27-ULK1 axis in either
physiological or pathological contexts. For this, we noted that
TRIM27 was reported to be upregulated in several human cancer
types including breast cancer.

Bioinformatics interrogation of TCGA breast cancer data corrobo-
rated previous findings that TRIM27 mRNA was significantly upre-
gulated in breast cancer subtypes compared to normal mammary
tissues (Fig 6A). In contrast, ULK1 mRNA levels were not signifi-
cantly changed in breast tumors compared to normal tissues
(Appendix Fig S6A). Previous reports had indicated that ULK1 pro-
tein levels were downregulated in breast cancer (Tang et al, 2012),
and protein level assessment using CPTAC proteomics data (https://
proteomic.datacommons.cancer.gov/pdc/) indicated a negative cor-
relation between TRIM27 and ULK1 protein levels, but not in mRNA
levels in breast cancer tissues (Figs 6B and Appendix Fig S6B). We
further supplemented these data with analysis of 34 paired human
breast cancer and normal adjacent tissues. Strikingly, 21 tumor sam-
ples overexpressed TRIM27 when compared to non-malignant tis-
sues and the majority of these cases also showed low ULK1 levels
(17/24 tissues, Fig 6C and D). This inverse relationship is consistent
with the mechanism disclosed by our biochemical experiments and
suggests that the TRIM27-ULK1 axis contributes to tumorigenesis in
breast cancer.

The EMBO Journal

To test this hypothesis, we employed the transgenic PyMT mouse
model that develops spontaneous mammary tumors to test the
effects of TRIM27 on tumor initiation and metastasis. We generated
MMTV-PyMT, Trim27~/~ mice by crossing Trim27~/~ mice with
FVB background Trim27/~, MMTV-PyMT mice (Fig 6E and
Appendix Fig S6C). This experimental design allowed us to compare
Trim27 7/~ and Trim27"/~ littermates. Trim27"/~ PyMT female mice
developed palpable mammary tumors after 8 weeks that were multi-
focal and involved the entire mammary fat pad. PyMT-Trim27 "/~
mice had a significantly decreased tumor burden (Fig 6F) compared
to PyMT-Trim27"/~ mice. Indicative of increased basal autophagy,
the Trim27~/~ tumors displayed dramatically increased ULK1 and
LC3-II levels compared to the Trim27"~ tumors (Fig 6G). Moreover,
mammary tumor latency was increased in Trim27~/~ PyMT litter-
mates (Fig 6H). In conjunction with these experiments, we also
examined pulmonary metastasis in the PyMT mice when mice were
analyzed 3 weeks after tumor appearance. In contrast, we observed
that the number of metastatic foci and overall lung tumor burden in
the Trim27~/~ PyMT mice were dramatically increased (Fig 61-K).

To further investigate whether these phenotypes were manifested
through Trim27-mediated effects on autophagy or through other pro-
cesses, we examined the effects of TRIM27 knockout and autophagy
inhibition on the growth of PyMT-derived tumor cells in 3D organoid
culture. We found that organoid growth, as judged by organoid size
and clonogenicity, was relatively increased in Trim27~/~ mammary
tumor cells compared to Trim27"/~ cells. Notably, this growth
advantage was nullified under small molecule inhibition of Ulkl with
MRT68921 or MRT67307 (Figs EVSA-C and Appendix Fig S7). Simi-
larly, this growth advantage was reversed by knockdown of the
autophagy components Atg5 and Atg7, rendering the growth and
clonogenicity of both Trim27"/~ and Trim27/~ cells to the same
basal growth state (Fig EV5D-H). Together this provides strong evi-
dence that growth differences between Trim27/~ and Trim27"/~
cells result from inherently different rates of autophagy flux. Further
in vivo assessment of experimental lung metastasis using 4T1 cells
showed that inhibition of Ulkl with MRT68921 significantly inhib-
ited lung colonization (Appendix Fig S8A-D), supporting the notion
that increases in autophagy through TRIM27 knockout could contrib-
ute to increased metastasis. Together this proposes that TRIM27 pro-
motes mammary luminal tumorigenesis but inhibits systemic
metastasis at least partially through autophagy.

Figure 6. Knockout of Trim27 inhibits breast tumorigenesis but promotes lung metastasis in PyMT mice.

A Comparison of the relative mRNA levels of TRIM27 in normal breast tissues (Normal, n = 113) and indicated breast tumors (Basal, n = 143; Her2, n = 67; LumA,
n = 427; LumB, n = 190) in the TCGA database. The number of biological replicates are shown as indicated. P < 0.0001 (one-way ANOVA).

B Analysis of the correlation between ULK1 and TRIM27 expression in the CPTAC proteomics database. P = 0.0027 (Pearson’s correlation method).

C,D Western blot analysis of ULK1 and TRIM27 levels from tumor tissues (T), Pericarcinomatous tissues (P), and their matched surrounding normal tissues (N). GAPDH
was used as a loading control (C). A total of 34 samples of human breast cancer were classified into nine groups based on the expression of ULK1 and TRIM27 in

tumor tissues compared with surrounding normal tissues (D).

Schematic diagram of Trim27~/~ PyMT and Trim27"/~ PyMT mice breeding, Trim27

+/—

PyMT mice as a littermate control.

B
F Representative tumors in MMTV-PyMT mice of the indicated Trim27 genotypes. Scale bar, 5 mm.

G Western blot analysis of indicated proteins in Trim277/~ PyMT or Trim27"/~ PyMT mice in primary breast tumors. Actin was used as a loading control.

H Kaplan—-Meier tumor-free survival curves of Trim277/~ PyMT (median = 75 days, number = 20), or Trim27~/~ PyMT mice (median = 95 days, number = 16).

P < 0.0001 (Mantel-Cox test).

1=K Pulmonary surface nodules and hematoxylin and eosin (H&E) staining in Trim27"7~ PyMT mice and Trim277/~ PyMT mice (I and J). Scale bar, 1 mm (K). Bar

chart showing quantification for the number of metastatic nodules per lung lope (Trim277",

/= n =6 mice; Trim27~/~ n=6 mice), when compared at the

same final timepoint. Each symbol represents a mouse; Data are presented as mean =+ SD from three independent experiments; ***P < 0.001 (unpaired

student’s t-test).
Source data are available online for this figure.

© 2022 The Authors

The EMBO journal  41:e10977712022 11 of 17


https://proteomic.datacommons.cancer.gov/pdc/
https://proteomic.datacommons.cancer.gov/pdc/

The EMBO Journal

>

TRIM27 mRNA
Relative expression(log2TPM)

CPTAC proteomic data

TCGA-BRCA B

N
ES

Pearson cor = -0.303
_| p=0.0027

1 2 3 4 5 6

NPTNPTNPT NPTNPTNPT

TRIM27

Trim27+- PyMT  Trim27-- PyMT

ULK1| e =8 ..

B =
TRIM27[E S s e 5 4 | _5m<
CAPDHS e s =t [ERSS S am = 0

—110K

D TRIM27
High Medium Low Total
High | © 2 13
Medium | 4 1 2 7
UK ow | 17 6 1 24
Total 21 9 4 34
H J
100
& 80
K%}
(]
£ 607
c
©
8 40— Trim27+- PymT
sg- 207—Tr|m27-/- PyMT
E | p<0.0001
oo
0 20 40 60 80 100 120
|
, =
£E
N
EZ
[
=
'_
+2
Na
EZ
'_§ I lHHH[HI”H“IHII[HHillll|l|l|||l||||li1]li|
i 1'em 2 3 4 5
Figure 6.
12 of 17  The EMBO journal ~41: 109777 | 2022

Trim27+/- PyMT

Yi Yang et al
E -: -:
X
(g\MMTv-PyMT | Trim27- S}
X
Trim27+- l
MMTV-PyMT Trim27-/- 9
Trim27+- Trim27-/-
MMTV-PyMT ~ MMTV-PyMT
G
PyMT
Trim27 +/- Trim27 -/-
ULKT |-« 0 o - -0

TRIM27 \- -——

_ ‘—SOK

Trim27-/- PyMT K

20+

10

Metastic foci / lung lope
L]

Actin |SE———

© 2022 The Authors



Yi Yang et al

Discussion

Autophagy must be tightly regulated since imbalances in autophagic
flux can lead to cytotoxicity, not to mention the development of var-
ious pathologies. Here we reveal the contribution of the E3 ligase
TRIM27 in autophagy regulation, both to maintain basal autophagy
as well as restrain excessive autophagy under harsh starvation con-
ditions. The latter requires cooperation between TRIM27 and
the serine/threonine kinase STK38L whereby TRIM27 ubiquitinates
and activates STK38L, allowing STK38L to phosphorylate Ser495
in ULK1, delivering ULKl in a permissive state for hyper-
ubiquitination by TRIM27. Thus, our study establishes TRIM27 as a
novel negative regulator of autophagy, joining KLHL20 and Nedd4L
as an elite group of E3 ubiquitin ligases that regulate ULK1 (Liu
et al, 2016; Nazio et al, 2016). However, unlike KLHL20 and
NEDDA4L, depletion of which exhibits neonatal (Woik et al, 2014) or
perinatal lethality in mice (Boase et al, 2011), we found that
TRIM27 knockout mice are developmentally normal, with no obvi-
ous phenotypes after 18 months. As a member of a large gene fam-
ily with several closely related genes (Hatakeyama, 2017) this may
reflect some redundancy among the Trim gene family.

The essential partner of TRIM27 in this mechanism is STK38L,
also known as NDR2. STK38L, together with its homolog STK38
(NDR1) and the LATS1/2 kinases, belongs to a small gene family
generally considered to participate in cell growth and division
(Hergovich, 2016). Mouse knockout models have suggested that
NDRI1 and NDR2 have redundant functions during embryogenesis
(Schmitz-Rohmer et al, 2015). However, while STK38 was reported
to positively regulate autophagy by binding to Beclinl (Joffre et al,
2015), our study proposes that STK38L acts to terminate autophagy.
The distinct subcellular localization of STK38 in the nucleus versus
the cytoplasmic location of STK38L was reported to account for their
different functions (Abe et al, 2017) but conversely human STK38
has been shown to be primarily cytoplasmic (Hergovich et al,
2005), highlighting the need to consider cellular context. Whether
STK38 and STK38L act exclusively as activator and inhibitor of
autophagy, respectively, also needs further analysis.

Dysfunctional autophagy has been closely associated with the
development of many human diseases including cancers
(Mizushima & Levine, 2020). Under normal physiology, autophagy
exerts tumor suppressor functions (White, 2015; Singh et al, 2018),
whereas in the context of malignancy, autophagy has been
highlighted as a therapeutic target (Amaravadi et al, 2016, 2019;
Levy et al, 2017). While no relationship was observed between
TRIM27 and ULK1 mRNA levels in human breast cancers, high
TRIM27 protein levels were clearly associated with decreased ULK1
expression. These observations generally suggest that the post-
translational regulation of ULK1 by TRIM27 is active in many breast
tumors and we noted a general trend that high TRIM27-expressing
tumors had accelerated disease progression. Notably, the involve-
ment of TRIM-family proteins in cancer has long been scrutinized
(Hatakeyama, 2011) with TRIM27 being no exception (Zoumpoulidou
et al, 2012). Along with breast cancer, TRIM27 overexpression has
been reported in numerous carcinoma types (Zoumpoulidou et al,
2012) and pro-tumorigenic roles have been elucidated in Trim27-
deficient mouse models including chemically-induced skin cancer
(Zoumpoulidou et al, 2012) and colitis (inflammation-associated)
intestinal cancer (Zhang et al, 2018). Building on the consensus of
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these investigations, we found that TRIM27 promotes murine mam-
mary tumorigenesis. Nevertheless, these studies raise an important
point to consider, specifically what mechanism(s) can explain the
contribution of TRIM27 to tumorigenesis.

Most of the evidence linking TRIM27 to cancer is associative and
few studies have revealed in-depth mechanisms. Nevertheless, the
aforementioned colitis study showing that TRIM27 binds JAK1 to
promote JAK1-STAT3 complex formation and activation (Zhang
et al, 2018) provides some intriguing parallels with our work. While
TRIM27 has been reported to function within the cell nucleus (Kato
et al, 2014), the TRIM27-JAK1-STAT3 association occurred within
retromer-containing endosomes which are essential cargo trans-
porters involved in vesicular trafficking (Zhang et al, 2018). Nota-
bly, the retromer has been connected with early endocytosis and
autophagy (Cui et al, 2019), although whether the JAK1-STAT3
retromer-containing endosomes were related to autophagy was not
defined. We also recovered JAK1 in our proteomics screen along
with STK38L, although JAK1 was not required to support the
TRIM27-ULK1 interaction. This proposes that TRIM27 exerts func-
tional control over different kinases, both positively and negatively,
in the context of endosomal compartments. Conceivably, specificity
may be achieved through the proteins existing in different cellular
compartments but additionally, heterodimerization among TRIM
family members has also been proposed to contribute to their speci-
ficity (Watanabe & Hatakeyama, 2017). It seems likely that both
mechanisms are important.

We have previously shown that autophagy blockade inhibited
mouse mammary tumorigenesis in MMTV-PyMT and MMTV-Neu
mouse models using conditional deletion of FIP200 or conditional
knock-in of an autophagy-deficient FIP200 mutant (Wei et al, 2011;
Chen et al, 2016; Hao et al, 2021). Nevertheless, TRIM27 knockout
accompanied by elevated autophagy was associated with increased
tumor latency and decreased primary lesion mass. At the same time,
we made the intriguing observation that the rates of spontaneous
lung metastasis were increased in Trim27~/~ mice. Given the multi-
ple targets of TRIM27, it is possible that the decreased mammary
tumorigenesis could be caused by the reduced signaling of other
TRIM27 targets as observed previously (Zhang et al, 2018). Cer-
tainly, 3D experiments undertaken with PyMT cells showed that the
in vivo latency of tumors did not inherently result from growth defi-
ciency in the Trim27/~ cells compared to their Trim27"/~ counter-
parts. Rather, this supports the notion that Trim27 acts to provide a
permissive state for the transformation event, although further stud-
ies will be necessary to investigate this intriguing hypothesis. None-
theless, our in vivo lung metastasis model showing that Ulkl
inhibition decreased metastasis provides good evidence linking the
role of autophagy and the effects of Trim27 in inhibiting metastasis.
Indeed, the notion that increased autophagy may facilitate cancer
metastasis is well established in different model systems (Mowers
et al, 2017). Tt is also important to note that TRIM27 was deleted in
all body tissues and it is therefore possible that changes in autop-
hagy in non-cancer cells may influence the model findings. Regard-
less, similar with other studies, our findings suggest that ULK1
protein levels are decreased in breast cancer (Tang et al, 2012), pro-
viding general support that autophagy could be downregulated in
bulk tumor populations.

Lastly, implications outside of cancer must be considered. Consti-
tutively increased basal autophagy contributes to a longer life span
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in a beclinl mutant knock-in mice (Fernandez et al, 2018) whereas
low levels of basal autophagy can promote neurodegenerative dis-
eases, proposing autophagy modulation as a therapeutic strategy in
a range of neurodegenerative conditions. A previous study showed
that TRIM27 levels were significantly upregulated in brain tissues of
Parkinson’s disease patients. Notably, depletion of TRIM27 signifi-
cantly alleviated the severity of Parkinson’s symptoms in a mouse
model by inhibiting NF-xB signaling (Liu et al, 2014). Whether
TRIM27 is involved in Parkinson’s disease pathogenesis via effects
on autophagy remains to be determined but it nonetheless repre-
sents a promising therapeutic target for controlling
neurodegeneration.

Materials and Methods

Antibodies

All antibodies used in this study are listed in Appendix Table S2.
Animal experiments

Trim27~/~ mice on the C57BL/6 background were generated by
Cyagen Bioscience Incorporation using the CRISPR/Cas9 method
with genotypes routinely confirmed by PCR. Trim27~/~ mice were
crossed with GFP-LC3-transgenic mice to generate GFP-LC3,
Trim27~/~ mice. For the mouse mammary tumor model, Trim27 '~
mice were crossed with MMTV-PyMT mice as previously described
(Okamoto et al, 2020). The resulting mice were used for the experi-
ments after backcrossing from the C57BL/6 to the FVB background
for more than six generations. All animal experiments were carried
out in accordance with the protocols of IACUC of the University of
Science and Technology of China (PXHG-WM2018112917).

Tissue samples

Thirty-four pairs of breast cancer and adjacent normal tissues were
collected from the patients attending the Fourth Affiliated Hospital
of China Medical University, China. None of the patients received
prior chemotherapy or radiotherapy. Samples were immediately
stored in RNAlater until subsequent analysis with all tissues verified
by histopathological confirmation in the pathology department.
Sample collection was approved by the Research Ethics Committee
of Fourth Affiliated Hospital of China Medical University with writ-
ten informed consent obtained for all patients (Approval EC-2021-
KS-041). The experiments involving human participants conformed
to the principles set out in the WMA Declaration of Helsinki and the
Department of Health and Human Services Belmont Report.

Cell culture and treatments

Wild-type mouse embryonic fibroblasts (MEFs), FIP200
knockout MEFs (FIP200~/7), ULK1/2 knockout MEFs, HEK293T,
and HeLa cells were cultured in DMEM supplemented with 10%
FBS, L-Glutamine (2 mM), penicillin (10 Units/ml) and streptomycin
(0.1 mg/ml). Amino acid starvation was conducted by incubating
the cells with Hank’s Balanced salt solution containing calcium and
magnesium (Thermo Fisher Scientific). Primary tumor cells were
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obtained 3 weeks after the appearance of palpable lesions in the
Trim27"/~ and Trim27~/~, MMTV-PyMT mice. Isolated lesions were
mechanically dissociated into small pieces followed by incubation
with 1 mg/ml collagenase (Servicebio), DNase (10 mg/ml) and
gentamycin (20 ng/ml) at 37°C for 1 h. Thereafter, cell suspensions
were cultured in DMEM/F12 (Gibco) supplemented with 10% FBS,
20 ng/ml EGF, 10 pg/ml insulin, and 1% penicillin/streptomycin.

Organotypic spheroid cultures

Organotypic tumor spheroids were established from monolayer cul-
tures of PyMT-derived tumor lesions. After trypsin dissociation,
3,000 cells/well were seeded into 96-well Ultra-Low Attachment
Plates (Corning) and cultured in sphere media (DMEM/F12 with
B27 (1x, Gibco), 20 ng/ml EGF, 10 ng/ml bFGF, 5 pg/ml insulin,
0.4% BSA and 1% penicillin/streptomycin). The indicated treat-
ments were initiated at the time of plating. Tumor spheroids of
diameter > 50 um were counted after 2-3 weeks of culture.

Cell transfection and gene knockout

Stable expression of full-length or mutant forms of ULK1, STK38L,
and TRIM27 was achieved using lentiviral mediated transduction.
The indicated epitope-tagged constructs were cloned into the Lenti-
EFS-Flag-puro vector and transfected together with psPAX2 and
pmd2.g into HEK293T to derive lentiviral particles as previously
described (Zhang et al, 2021). Filtered (0.45 mm) lentiviral superna-
tants were added to target cells and puromycin-resistant populations
were used for the experiments. For the generation of ULK1, TRIM27,
and STK38L knockout cells, gRNAs were designed using the online
CRISPR design tool (http://crispr.mit.edu) and individual sgRNA
sequences (Appendix Table S4) were cloned into LentiCRISPR v2
vector (Addgene Plasmid 52961). Transfections were performed
using Lipofectamine 2000 (Thermo Fisher) and puromycin-selected
cells were sorted into 96-well plates for further selection. Gene over-
expression and knockout were validated by Western blot. All vec-
tors used in this study are listed in Appendix Table S3.

Real-Time quantitative Polymerase Chain Reaction (qPCR)

Total RNA was extracted using TRIzol according to the manufac-
turer’s instructions before cDNA synthesis using the PrimeScript™
RT reagent kit (TaKaRa) containing gDNA eraser (DNase). The
qPCR reactions were performed using the specified primers
(Appendix Table S4) with the One-Step PrimeScript RT-PCR kit
(TaKaRa). The relative expression was determined using the AACt
method with normalization against B-actin.

Western blotting

Whole cell extracts were prepared in lysis  buffer
containing 2% SDS, 62.5 mM Tris pH 6.8, 10% glycerol, and 5%
B-mercaptoethanol. Protein samples were heated at 95°C for 10 min
and analyzed by SDS-PAGE on 8% or 12% gels (45 min, 200 V)
(BioRad Laboratories), followed by immunoblotting on nitrocellu-
lose membranes using a wet blotting system (90 min, 250 mA)
(BioRad Laboratories). Membranes were incubated with primary
and secondary antibodies diluted in 5% milk/TBST solutions, and
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immunocomplexes were developed using SuperSignal™ West Pico
PLUS (Thermo fisher) and visualized using an Azure c600 Western
blot imager (Azure Biosystems).

Protein identification using mass spectrometry

The indicated cells were lysed with IP buffer containing 20 mM
Tris-HCl pH 7.4, 137 mM NaCl, 10% (v/v) glycerol, 1% (v/v) NP-
40, supplemented with a protease and phosphatase inhibitor cock-
tail (Thermofisher). After clarification by centrifugation at
13,000 rpm for 15 min at 4°C, the supernatants were either incu-
bated with control immunoglobulin G (IgG) or primary antibodies
pre-conjugated to protein G Dynabead (10004D, Thermo Fisher).
After mixing end-over-end for 4 h at 4°C, the beads were collected
using a DynaMag magnet and washed five times with IP buffer. The
samples were eluted by heating in LDS sample buffer and subjected
to SDS-PAGE gel followed by SYPRO Ruby Gel Stain (S-12000, Ther-
mofisher). Thereafter, gel bands were excised, destained, trypsi-
nized, and subjected to MS analysis. Peptides were ionized with the
Nano spray Flex Ion Source (Thermo) and introduced into a Q Exac-
tive mass spectrometer (Thermo). Abundant species were frag-
mented in high-energy collision-induced dissociation (HCD) mode.
Data analysis was performed using Proteome Discoverer 1.3
(Thermo) which incorporated the Mascot (Matrix Science) algo-
rithm. The Swissprot protein database was used against mouse
sequences. The MS experiment and data processing were performed
at the Wayne State University proteomic core facilities.

Ubiquitination assays

HEK293T cells were cotransfected with His-ubiquitin, Flag-
TRIM27, and substrate constructs before harvesting whole cell
lysates after 48 h using 8 M urea lysis buffer at room temperature.
The samples were then sonicated before performing pull-down
assays using Pierce Ni-NTA magnetic agarose beads (Thermo
Fisher) according to the manufacturers’ manual. Eluted proteins
were separated by SDS-PAGE and further analyzed by Western
blotting. Alternatively, for in vitro ubiquitination assays, 100 ng of
recombinant GST or GST-TRIM27 protein was mixed with 500 ng
purified HA-ULK1, 150 nM UBE1 (E1 enzyme), 500 nM UBE3D3
(E2 enzyme), 5 mM ATP, and 150 uM ubiquitin. The reactions
were incubated at 37°C for 2 h in reaction buffer (Tris-HCI pH 7.5,
5 mM MgCl,, 50 uM ZnCl,, and 1 mM DTT). The reactions were
terminated by boiling in SDS sample loading buffer and analyzed
by Western blotting.

In vitro kinase assays

HA-ULK1 proteins were immunoprecipitated using anti-HA anti-
bodies coupled to magnetic beads (Thermo Fisher, 88836) from the
indicated cells using mild lysis buffer (10 mM Tris-HCl at pH 7.5,
2 mM EDTA, 100 mM NaCl, 1% NP-40, 50 mM NaF, supplemented
with protease inhibitor cocktail). The bead-bound proteins were
treated with lambda phosphatase, washed extensively in RIPA
buffer followed by mild lysis buffer and then equilibrated in kinase
buffer (20 mM HEPES at pH 7.4, 1 mM EGTA, 0.4 mM EDTA and
5 mM MgCl,, supplemented with 0.05 mM dithiothreitol). The
kinase reactions (30 pl) were initiated by the addition of 10 uM ATP
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and incubated at 37°C for 1 h. Thereafter, reactions were quenched
by the addition of 5xSDS sample buffer followed by heating at 95°C
for 5 min before analysis by Western blotting.

Epifluorescence and confocal microscopy

Cells were seeded on glass coverslips and allowed to attach before
conducting the indicated treatments. For immunofluorescence
staining, the cells were fixed with cold methanol for 10 min and
blocked with 1% BSA for 1 h at room temperature. Thereafter, cells
were incubated with primary antibodies overnight at 4°C, followed
by incubation with the appropriate Alexa fluor-labeled secondary
antibodies (Life Technologies) for 1 h at room temperature. Other-
wise, the cells were fixed in 4% formaldehyde solution for imaging
fluorescent reporter proteins. All samples were mounted using Pro-
Long Diamond Antifade mountant with DAPI (Cat#P36971, Life
Technologies) and visualized using epifluorescence or confocal
microscopy (Nikon) as indicated.

GST protein expression and purification

GST-tagged TRIM27, STK38L, and STK38L-K119A mutants were
expressed in Escherichia coli BL21 by induction with 100 mM
Isopropyl B-D-1-thiogalactopyranoside for 12 h at 25°C and affinity
purified using glutathione Sepharose beads (Beyotime). After elu-
tion using glutathione, the purified GST proteins were dialyzed
against 20 mM Tris-HCI, pH 8.0 and 10% glycerol at 4°C overnight.

Statistical analysis

Statistical significance was determined using GraphPad Prism 6,
using unpaired Student’s two-tailed t-test, one-way ANOVA or two-
way ANOVA according to test requirements. Statistical analyses
between 2 groups were pre-assessed for normal distribution using
Shapiro-Wilk test and the variance similarity between the 2 groups
were statistically compared using F-test. No statistical methods were
used to determine the sample sizes. Unless expressly noted, experi-
ments were not randomized, and the investigators were not blinded
to group allocations and the assessment of outcomes. Data are
presented as the mean + SEM or as mean + SD (error bars).
*P < 0.05; **P < 0.01; and ***P < 0.001 denote statistically signifi-
cant changes.

Data availability
This study includes no data deposited in external repositories.
Expanded View for this article is available online.
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