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Tripartite motif-containing protein 27 (TRIM27/also called RFP) is a mul-

tifunctional ubiquitin E3 ligase involved in numerous cellular functions,

such as proliferation, apoptosis, regulation of the NF-kB pathway, endoso-

mal recycling and the innate immune response. TRIM27 interacts directly

with TANK-binding kinase 1 (TBK1) and regulates its stability. TBK1 in

complex with autophagy receptors is recruited to ubiquitin chains assem-

bled on the mitochondrial outer membrane promoting mitophagy. Here,

we identify TRIM27 as an autophagy substrate, depending on ATG7,

ATG9 and autophagy receptors for its lysosomal degradation. We show

that TRIM27 forms ubiquitylated cytoplasmic bodies that co-localize with

autophagy receptors. Surprisingly, we observed that induced expression of

EGFP-TRIM27 in HEK293 FlpIn TRIM27 knockout cells mediates mito-

chondrial clustering. TRIM27 interacts with autophagy receptor SQSTM1/

p62, and the TRIM27-mediated mitochondrial clustering is facilitated by

SQSTM/p62. We show that phosphorylated TBK1 is recruited to the clus-

tered mitochondria. Moreover, induced mitophagy activity is reduced in

HEK293 FlpIn TRIM27 knockout cells, while re-introduction of EGFP-

TRIM27 completely restores the mitophagy activity. Inhibition of TBK1

reduces mitophagy in HEK293 FlpIn cells and in the reconstituted EGFP-

TRIM27-expressing cells, but not in HEK293 FlpIn TRIM27 knockout

cells. Altogether, these data reveal novel roles for TRIM27 in mitophagy,

facilitating mitochondrial clustering via SQSTM1/p62 and mitophagy via

stabilization of phosphorylated TBK1 on mitochondria.
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Introduction

Ubiquitylation is a reversible posttranslational modifi-

cation with high specificity, which regulates multiple

cellular processes such as organelle quality control,

protein degradation, signal transduction, cell-cycle pro-

gression, receptor trafficking and endocytosis and the

immune response [1–3]. Ubiquitin E3 ligases mediate

the transfer of ubiquitin to substrate proteins deter-

mining their fate. Tripartite motif family proteins

(TRIMs) constitute a large family of ubiquitin E3

ligases involved in several cellular processes such as

intracellular signalling, innate immunity, transcription,

autophagy and carcinogenesis [4]. TRIM proteins are

characterized by their N-terminal RBCC domain con-

sisting of a RING-finger domain (R), one or two B-

boxes (B1/B2) and a coiled-coil (CC) domain. In addi-

tion, most TRIMs exhibit domains at the C terminus,

which gives them specificity for their target proteins

[5]. TRIM proteins are implicated in several steps of

the autophagy process, ranging from regulation of

upstream signalling pathways to autophagosome for-

mation and autophagy receptor activity [6]. TRIMs

are reported to act as platforms for early autophagic

structures through the assembly of the autophagy pro-

teins ULK1 and Beclin1 [7–10]. They can act as autop-

hagy receptors, such as TRIM5a and TRIM23, by

recognizing and targeting viral proteins for autophagic

degradation [11,12], or they regulate autophagy

through their activation of the autophagy receptor

SQSTM1/p62 [12–14].
TRIM27 was originally described as a fusion protein

with the tyrosine kinase domain of the c-RET proto-

oncogene [15]. It is ubiquitously expressed and local-

ized both in the cytoplasm and in the nucleus of the

cells, depending on the cell type [16]. TRIM27 is a

multifunctional protein involved in the regulation of

several cellular processes such as innate immunity,

apoptosis, cell growth, proliferation and endosomal

recycling [17–21]. It has several roles in host defence

against pathogens, acting as a host restriction factor

during mycobacterial infection, enhancing immune-

inflammatory response and cell apoptosis [22]. In addi-

tion, TRIM27 has been identified as a degradation tar-

get of Herpes Simplex Virus 1 ICP0 [23], and together

with the ubiquitin-specific protease, USP7 negatively

modulates antiviral type I interferon signalling via reg-

ulation of TANK-binding kinase 1 (TBK1) stability

[24]. The TRIM27-USP7 dimer is shown to form a

complex with receptor-interacting protein 1 (RIP1),

promoting its de-ubiquitylation resulting in TNF-a-
induced apoptosis [25]. Moreover, TRIM27 and USP7

play a role in endosomal recycling when they are in

complex with MAGE-L2. This complex regulates the

activity of WASH/retromer-mediated endosomal recy-

cling through ubiquitylation events [26].

Mitochondrial quality control is crucial to preserve

cellular respiration and respond to mitochondrial dam-

age. The mitochondrial quality control pathway

includes a comprehensive quality assurance apparatus,

including the selective clearance of damaged or dys-

functional mitochondria by lysosomes via autophagy,

termed mitophagy (recently reviewed in [27]). Ubiqui-

tylation is an important signal for the activation of

mitophagy, and targeting the outer mitochondrial

membrane (OMM) by short ubiquitin chains is suffi-

cient to induce mitophagy [28]. The best studied mito-

phagy pathway is the PTEN-induced putative kinase 1

(PINK1)/PARKIN pathway. Upon loss of mitochon-

drial membrane potential, PINK1 is stabilized and

activated at the OMM, facilitating ubiquitin phospho-

rylation at Serine 65 and recruitment of the ubiquitin

E3 ligase PARKIN. Parkin is phosphorylated at an

equivalent Ser65 residue located within its N-terminal

ubiquitin-like domain, resulting in activation [29–32].
Ubiquitylation of OMM proteins provides a docking

site for the sequestosome-like autophagy receptors

such as SQSTM1/p62 [33], thereby bridging the ubiq-

uitylated mitochondria to the autophagosome. TBK1

plays an important signalling role in this process, acti-

vating the autophagy receptors by phosphorylation

events that increase their ability to bind ubiquitin [34–
37]. However, also PARKIN-independent mitophagy

pathways are identified. These pathways involve mole-

cules localized on the mitochondria, such as FKBP8,

FUNDC1, BNIP3, BCL2-L-13, BNIP3L/NIX and car-

diolipin, acting as mitophagy receptors tethering the

mitochondria to the autophagosome [38]. Additionally,

the adenosine 50-monophosphate (AMP)-activated pro-

tein kinase (AMPK) is emerging as a key player in

mitophagy, facilitating mitochondrial fission and

autophagosomal engulfment via TBK1 activation [39].

In a previous study, we identified TRIM27 as a

potential substrate for autophagic degradation [13].

Since TRIM27 is recognized to play a role in the

endo-lysosomal system, the objective of this study was

to elucidate whether TRIM27 has a role in autophagy.

We show that TRIM27 is a cargo for the

sequestosome-like receptors, associating with late

autophagy structures. To characterize the impact of

TRIM27 on the autophagy process, we established a

HEK293 FlpIn TRIM27 KO cell line with inducible

expression of EGFP-TRIM27. By correlative electron

microscopy and fluorescence confocal imaging, we

observed a strong tendency of mitochondrial clustering

in the cells expressing EGFP-TRIM27. We show that

2 The FEBS Journal (2022) � 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of
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pTBK1 and SQSTM1/p62 are recruited to these mito-

chondria clusters, while inhibition of TBK1 activity

alleviates these clusters. We find that TRIM27 co-

localizes with SQSTM1/p62 and pTBK1 in cytoplas-

mic structures that are closely associated with the

mitochondria. Finally, we show that knock-down of

TRIM27 in the HEK293 FlpIn cells impairs FKBP8/

LC3A induced mitophagy, while re-introduction of

EGFP-TRIM27 strongly promotes mitophagy in a

pTBK1-dependent pathway.

Results

Autophagic degradation of TRIM27 is dependent

on ATG7 and autophagy receptors

In a qualitative screen performed in HeLa cells using

the double-tag mCherry-EYFP fused to 22 various

members of the TRIM family of ubiquitin E3 ligases,

we identified TRIM27 as a potential target for autop-

hagic degradation [13]. We observed RedOnly puncta

in the mCherry-EYFP-TRIM27-expressing cells

(Fig. 1A), with an increased induction of RedOnly

puncta upon starvation (Fig. 1B). Macroautophagy

can be divided into conventional ATG7-dependent

autophagy and ATG7-independent alternative autop-

hagy [40,41]. To pinpoint the autophagy pathway

implicated in TRIM27 degradation, the mCherry-

EYFP-TRIM27 expression plasmid was transfected

into a HeLa ATG7 KO cell line. We were not able

to observe any RedOnly dots in the ATG7 KO cells 1-

day post-transfection (Fig. 1A,B), indicating that

autophagic degradation of TRIM27 is dependent on

the conventional autophagy pathway.

To investigate whether TRIM27, such as TRIM5a,
has the ability to act as an autophagy receptor and

hence can be degraded by autophagy independent of

other receptors, the mCherry-EYFP-TRIM27 double-

tag assay was applied on a HeLa cell line knocked out

for the five autophagy receptors SQSTM1/p62, NBR1,

NDP52/Calcoco2, Optineurin and Tax1BP1 (HeLa

pentaKO) [33]. No RedOnly dots of mCherry-EYFP-

TRIM27 could be observed neither under normal nor

starved conditions (Fig. 1A,B). This indicates that

autophagic degradation of TRIM27 is dependent on

the sequestosome-like autophagy receptors, and for

this reason, TRIM27 might not act as an autophagy

receptor itself. To verify this further, we applied the

mCherry-EYFP-TRIM27 double-tag assay on the

HeLa pentaKO cell line reconstituted with EGFP-

SQSTM1/p62 (Fig. 1A,B) [13]. Expression of EGFP-

SQSTM1/p62 in the HeLa pentaKO cell line was suffi-

cient to direct lysosomal degradation of mCherry-

EYFP-TRIM27, but not to the same extent as the

HeLa wild-type cells (Fig. 1B). This suggests that

TRIM27 can be degraded by selective autophagy and

that it is dependent on the sequestosome-like receptors

for being degraded by a lysosomal pathway. Hence,

TRIM27 does not act as an autophagy receptor itself.

In order to determine whether endogenous TRIM27

is degraded by autophagy, we analysed the TRIM27

protein levels in HeLa ATG9 KO cells. ATG9 vesicles

are required for nucleation of the autophagic isolation

membrane, and therefore ablation of ATG9 will block

the autophagy process [42]. Notably, TRIM27 seems

to be stabilized and modified in the ATG9 KOs cells.

The stronger TRIM27 band with reduced mobility

suggests that inhibition of autophagy by ATG9 KO

has impact on both TRIM27 modification and expres-

sion level (Fig. 1C,D). The autophagy receptors

SQSTM1/p62 and NBR1 also display stronger bands

with lower mobility in extracts from HeLa ATG9 KO

cells than normal HeLa cells (Fig. 1C), supporting the

link between the sequestosome-like autophagy recep-

tors and TRIM27 autophagic degradation.

TRIM27 forms cytoplasmic bodies that co-

localizes with autophagy receptors

To further address the association of TRIM27 with

selective autophagy, our next step was to analyse

whether TRIM27 co-localizes with autophagy struc-

tures in cells. Since we were not able to find a

TRIM27 antibody that worked well in immunofluores-

cence assays, we established a HEK293 FlpIn TRIM27

KO cell line by CRISPR/Cas9 [43] and reconstituted

this KO cell line with tetracycline-inducible expres-

sion of EGFP-TRIM27 (Fig. 2A–D). EGFP-TRIM27

formed several cytoplasmic bodies in addition to a few

nuclear puncta, and in some cells, EGFP-TRIM27

formed larger irregular structures (Fig. 2E). This is in

line with the reported localization of endogenous

TRIM27 in HEK293 cells [44] and NIH3T3 cells [45],

indicating that induced EGFP-TRIM27 is representa-

tive for endogenous TRIM27. We further analysed the

proliferation and migration potential of the HEK293

FlpIn TRIM27 KO cells and the reconstituted

TRIM27 KO cell lines (Fig. 2F). The HEK293 FlpIn

TRIM27 KO cell line displays an enhanced prolifera-

tion rate compared with the HEK293 FlpIn TRIM27

KO cell line reconstituted with EGFP-TRIM27

(Fig. 2F, left graph). This suggests that TRIM27

expression may inhibit cell proliferation in HEK293

FlpIn cells, which may be due to the role of TRIM27

in promoting TNF-a-induced apoptosis [25]. Con-

versely, the migration rate of the TRIM27 KO cells

3The FEBS Journal (2022) � 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of
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was reduced compared with the HEK293 FlpIn cells,

while re-introduction of EGFP-TRIM27 restored the

migration rate (Fig. 2F, right graph). Thus, in

HEK293 FlpIn cells, TRIM27 seems to facilitate cell

migration but not cell proliferation. This is in line with

previous studies showing that TRIM27 facilitates cell

migration and invasion [46] and may have a role in

epithelial-to-mesenchymal transition in cancer cells.

To analyse whether the cytoplasmic EGFP-TRIM27

bodies are associated with autophagy structures, the

HEK293 FlpIn TRIM27 KO cells induced to express

EGFP-TRIM27 were immunostained with antibodies

against various autophagy marker proteins. First, we

observed that the EGFP-TRIM27 bodies did not co-

localize with GM130 (Golgi marker) or calreticulin

(ER marker), suggesting that TRIM27 is not a Golgi-

or ER-associated protein (Fig. 3). This is in line with a

previous paper on TRIM27 subcellular localization,

where they reported no Golgi- or ER-targeting signals

in TRIM27 [45]. However, EGFP-TRIM27 co-

localized in several cytoplasmic dots with the autop-

hagy receptors SQSTM1/p62 and NBR1 (Fig. 4A).

Fig. 1. Autophagic degradation of TRIM27 is dependent on ATG7, ATG9 and the Sequestosome-like receptors. (A) Normal HeLa cells and

HeLa cells that were genetically knocked out for ATG7, the 5 autophagy receptors SQSTM1/p62, NBR1, NDP52, optineurin and Tax1BP1

(pentaKO) or pentaKO cells with reintroduced EGFP-SQSTM1/p62 were transfected with mCherry-EYFP-TRIM27 expression plasmids. One-

day post-transfection, the cells were treated with HBSS for 2 h (SM) or incubated in full medium (FM), before all cells were fixated, stained

with DAPI and imaged using a LSM780 confocal microscope (ZEISS). Scale bar: 10 lm. (B) The graphs represent the amount of yellow dots

and RedOnly dots in the mCherry-EYFP-TRIM27 transfected cells shown with representative images in (A). The graphs show the average

values obtained in three independent experiments with s. (D). Normal (FM) and starved (HBSS 2 h; SM) conditions. ***: P < 0.0005 using

Student’s t-test *: P < 0.05 using Student’s t-test; n.s.: P > 0.05 using Student’s t-test. (C) Western blot analysis of endogenous TRIM27,

the autophagy receptor SQSTM1/p62, NDP52, and NBR1, and LC3B in HeLa WT and HeLa ATG9 KO cells in normal medium (FM) or trea-

ted with HBSS (SM) for 4 h. (D) Quantification of the intensity of TRIM27 bands in western blot analysis as displayed in (C). The graph rep-

resents the average of three independent experiments with SD *: P < 0.05; n.s.: P > 0.05 (Student’s t-test).
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Fig. 2. TRIM27 localizes to cytoplasmic bodies and facilitates cell migration of HEK 293T FlpIn cells. (A) DNA sequences encompassing the

target sequence employed in the CRISPR/Cas9 mediated strategy generation TRIM27 KO cell line. The lower part shows the DNA

sequences of the PCR products obtained from the genomic loci targeted by CRISPR/Cas9. (B) Western blot analysis of HEK293 FlpIn cells

and the TRIM27 KO cells, showing KO of TRIM27. The * indicates an unspecific band detected by the TRIM27 antibody. (C) Western blot

analysis of HEK293 FlpIn TRIM27 KO cells reconstituted with tetracycline-inducible expression of EGFP or EGFP-TRIM27. Expression of

EGFP and EGFP was detected by an anti-GFP antibody. Tetracycline (0.1 lg�lL�1) was added where indicated above the blot. (D) Western

blot analysis comparing expression of endogenous TRIM27 in the HEK293 FlpIn cells and tetracycline (0.1 lg�lL�1) induced expression of

EGFP-TRIM27 in the reconstituted HEK293 FlpIn TRIM27 KO cell lines. The proteins were detected using an anti-TRIM27 antibody. The *

indicates an unspecific band detected by the TRIM27 antibody. (E) Representative images of EGFP-TRIM27 expressed in the reconstituted

HEK293 FlpIn TRIM27 KO cell lines, upon normal (FM) and starved (SM) (HBSS 2 h) conditions. Images were obtained using a ZEISS780

confocal laser scanning microscope. Scale bar 10 lm. (F) Proliferation (left graph) and migration (right graph) curves of HEK293 FlpIn,

HEK293 FlpIn TRIM27 KO and HEK293 FlpIn TRIM27 KO reconstituted with EGFP-TRIM27. The graphs were obtained using the IncuCyte�
S3 Live-Cell Analysis System (Sartorius). Error bars indicate SD of independent experiments (n = 3 for proliferation, n = 2 for migration).
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Moreover, the autophagosome marker protein LC3B

co-localized with EGFP-TRIM27 in some dots, while

structures stained by the late autophagosome/lysosome

marker protein LAMP1 associated closely with EGFP-

TRIM27 (Fig. 4A). These data support that TRIM27

can be degraded by selective autophagy. However,

EGFP-TRIM27 did not co-localize with early autop-

hagy structures, such as WIPI2 (Fig. 4A) or ATG13

(Fig. 3). In order to verify the EGFP-TRIM27 local-

ization pattern, we stained the HEK293 FlpIn

TRIM27 KO EGFP-TRIM27 cells with antibodies

towards USP7 and ubiquitin. We applied the FK2

antibody that recognizes both mono and polyubiquitin

(FK2). It is well recognized that TRIM27 forms a

complex with USP7 that is implicated in the regulation

of tumour necrosis factor alpha-induced apoptosis

[25]. TRIM27 also forms a complex with USP7 and

MAGE-L2, and this complex regulates the protein

levels of WASHC1 that is involved in endosomal sort-

ing and vesicles trafficking [24]. In accordance with

this, we see that USP7 is present in certain EGFP-

TRIM27 dots (Fig. 3). Moreover, most of the cyto-

plasmic EGFP-TRIM27 bodies are recognized by the

ubiquitin FK2 antibody (Fig. 4B), revealing that the

cytoplasmic TRIM27 bodies are highly ubiquitylated

and/or strongly associated by ubiquitin molecules. This

is in line with the work by Zaman et al., 2013, suggest-

ing that autoubiquitylation of TRIM27 is required for

its cytoplasmic localization. Importantly, some ubiqui-

tylated EGFP-TRIM27 bodies were detected inside

ring-like structures that stained positive for the anti-

body towards LAMP1, further supporting that

TRIM27 is an autophagy substrate (Fig. 4B). Thus,

TRIM27 forms ubiquitylated bodies in the cytoplasm

Fig. 3. Representative images of HEK293

FlpIn TRIM27 KO cells reconstituted with

EGFP-TRIM27 fixed and stained with

antibodies for GM130, calreticulin, USP7 or

ATG13 as indicated. Images were obtained

using a ZEISS780 confocal laser scanning

microscope. Scale bar 10 lm.
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that co-localize with sequestosome-like autophagy

receptors.

TRIM27 induces mitochondrial clustering

In an attempt to characterize the ultrastructure of the

cytoplasmic EGFP-TRIM27 bodies, we performed

CLEM (Correlative Light and Electron Microscopy)

analyses of the HEK293 FlpIn TRIM27 KO EGFP-

TRIM27 cells. Surprisingly, we observed that the mito-

chondria displayed an abnormal morphology and were

clustered in perinuclear regions in the cells that

expressed EGFP-TRIM27 (Fig. 5A). To determine

whether mitochondrial clustering was a general

Fig. 4. TRIM27 co-localizes with autophagy

receptors. (A) Representative images of

HEK293 FlpIn TRIM27 KO EGFP-TRIM27

cells fixed and stained with antibodies for

SQSTM1/p62, NBR1, LC3B, LAMP1 and

WIPI2. Images were obtained using a

LSM880 with Airyscan (ZEISS), and co-

localization monitored using the ZEN LITE

software. Intensity profiles along the

indicated lines in the insets are shown to

the right. Scale bars: 10 lm, insets: 2 lm.

(B) Representative images of HEK293 FlpIn

TRIM27 KO EGFP-TRIM27 cells fixed and

stained with antibodies for LAMP1 and

ubiquitin (FK2 antibody). Images were

obtained as described in (A).

7The FEBS Journal (2022) � 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of
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Fig. 5. TRIM27 expression promotes mitochondrial clustering. (A) HEK293 FlpIn TRIM27 KO cells induced to express EGFP-TRIM27 (upper

panels) and HEK293 FlpIn TRIM27 KO cells (lower panels) were fixed 1-day postinduction and imaged by fluorescence confocal microscopy

to localize cells containing cytoplasmic EGFP-TRIM27 bodies. The cells were subsequently processed for transmission electron microscopy.

Following ultramicrotomy, cells of interest were relocalized within sections and imaged at both intermediate and high magnifications to anal-

yse the surrounding cellular environment and ultrastructural details. Scale bars: 500 nm (B) representative images of HEK293 FlpIn (upper

left panels), HEK293 FlpIn TRIM27 KO (upper right panels) and HEK293 FlpIn TRIM27 KO EGFP-TRIM27 (lower panels) cells fixed and

stained with antibodies for TOM20. Images were obtained using a LSM 780 (ZEISS) fluorescence confocal microscope. The graphs repre-

sent average with SD of relative mitochondria voxel quantified using VOLOCITY (Perkin Elmer) of z-stack images of > 100 cells per condition

per experiment, from three independent experiments. ***: P < 0.0005; n.s.: P > 0.05 (Student’s t-test). Scale bars: 10 lm.
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phenotype in cells expressing EGFP-TRIM27, we

immunostained the mitochondria in the HEK293

FlpIn cells, the HEK293 FlpIn TRIM27 KO cells and

the TRIM27 KO cells reconstituted with EGFP-

TRIM27 by antibodies against the outer membrane

mitochondrial protein TOM20 (Fig. 5B). Quantifica-

tion of the mitochondria voxel within each of these cell

lines displayed a significant reduction of the mitochon-

dria voxel in the TRIM27 KO cells that were reconsti-

tuted with inducible expression of EGFP-TRIM27

(Fig. 5B). The images reveal that many EGFP-

TRIM27 bodies are localized close to the mitochon-

dria, and some are partially overlapping with the mito-

chondria. A partial localization of TRIM27 with

MitoTracker, a mitochondria-selective fluorescent

label, was reported by Zaman et al., 2013. They

reported that TRIM27 was localized in the mitoplast

or tightly associated with the inner membrane, with

the N-terminal region located on the outer mitochon-

dria membrane. Together these findings suggest that

TRIM27 is partially localized to mitochondria and can

promote mitochondria clustering.

SQSTM1/p62 facilitates TRIM27-mediated

mitochondrial clustering

Polyubiquitylations of OMM proteins are shown to

recruit autophagy receptor SQSTM1/p62 to the mito-

chondria [47,48]. SQSTM1/p62 mediates clustering of

dysfunctional mitochondria through polymerization

via its PB1 domain [32,48]. SQSTM1/p62-mediated

clustering of mitochondria is not important for

PINK1/PARKIN-driven mitophagy. However,

SQSTM1/p62 is reported to be essential for NLRP3

agonist-induced mitophagy [49] and mitophagy in leu-

kaemia cells [50]. The localization SQSTM1/p62 in

TRIM27 bodies raised the question whether SQSTM1/

p62 was implicated in the TRIM27-mediated mito-

chondrial clustering. Confocal imaging of endogenous

SQSTM1/p62 in the HEK293 FlpIn cells, the HEK293

FlpIn TRIM27KO cells and the HEK293 FlpIn

TRIM27KO cells reconstituted with EGFP-TRIM27

revealed that SQSTM1/p62 was relocalized to larger

structures in the EGFP-TRIM27-expressing cells

(Fig. 6A). Around 68 (�9)% of the SQSTM1/p62

structures co-localized with EGFP-TRIM27, while 46

(�3)% of the EGFP-TRIM27 bodies stained for

SQSTM1/p62. Hence, these two proteins have a ten-

dency to localize in the same subcellular structures,

but they also form cytoplasmic bodies independent of

each other. Association between TRIM27 and

SQSTM1/p62 in cells was verified by immunoprecipita-

tion assays (Fig. 6B), while in vitro GST-pulldown

assays using GST-SQSTM/p62 expressed and purified

from Escherichia coli and in vitro translated TRIM27

indicated that TRIM27 can interact directly with

SQSTM1/p62 (Fig. 6C). Importantly, co-staining of

the HEK293 FlpIn TRIM27 KO cells induced to

express EGFP-TRIM27 with antibodies towards

SQSTM1/p62 and the OMM protein TOM20 showed

that SQSTM1/p62 bodies are localized on the clustered

mitochondria (Fig. 6D). To investigate whether

SQSTM1/p62 was implicated in the TRIM27-mediated

mitochondrial clustering, EGFP-TRIM27 was ectopi-

cally expressed in HEK293 SQSTM1/p62 knockout

cells [13]. Measurement of the mitochondria voxel in

the HEK293 SQSTM1/p62 knockout cells and wild-

type HEK293 cells, both with ectopically expressed

EGFP-TRIM27, showed that ablation of SQSTM1/

p62 alleviated the mitochondrial clustering induced by

EGFP-TRIM27 (Fig. 6E). This indicates that

SQSTM1/p62 is implicated in the mitochondrial clus-

tering promoted by TRIM27.

TRIM27-mediated mitochondria clustering

implicates TBK1 activity

Previous studies have shown that efficient recruitment

of SQSTM1/p62 and other autophagy receptors

to damaged mitochondria is dependent on TBK1 acti-

vation [36,51]. TBK1 is transiently recruited to polyu-

biquitylated mitochondria, and autophosphorylates

locally [52]. Activated TBK1 phosphorylates

SQSTM1/p62 at S403 located in the ubiquitin-binding

domain [35]. SQSTM1/p62 phosphorylation at S403 is

required for efficient binding of it to ubiquitylated sub-

strates [35,53,54]. We thus raised the question whether

TBK1 played a role in the TRIM27-mediated cluster-

ing of mitochondria. To answer this, we first analysed

if active TBK1 was associated with the clustered mito-

chondria by fluorescence confocal imaging. Figure 7A

shows that S172 phosphorylated TBK1 is strongly

enriched on the clustered mitochondria. The intensity

line graphs identify recruitment of pTBK1 to TRIM27

bodies, in addition to strong enrichment of pTBK1 on

the clustered mitochondria. The localization of pTBK1

in TRIM27 bodies supports a previous report showing

that TRIM27 and TBK1 interact directly via their

coiled-coil regions [19]. The locally enrichment of

pTBK1 in TRIM27 bodies may lead to its activation

via autophosphorylation events [55]. Quantification of

the amount of pTBK1 on mitochondria in the

HEK293 FlpIn, HEK293 FlpIn TRIM27 KO and

HEK293 FlpIn TRIM27 KO reconstituted with

EGFP-TRIM27 verifies the enhanced localization of

pTBK1 on the mitochondria in the EGFP-TRIM27
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Fig. 6. TRIM27 interacts with SQSTM1/p62, and SQSTM1/p62 facilitates TRIM27-mediated mitochondria clustering. (A) Immunostaining of

SQSTM1/p62 in HEK293 FlpIn (upper left panels), HEK293 FlpIn TRIM27 KO (upper right panels) and HEK293 FlpIn TRIM27 KO reconsti-

tuted with inducible expression of EGFP-TRIM27 (lower panels). Images were obtained using a LSM780 confocal laser scanning microscope

(ZEISS), and the co-localization line plot to the right obtained using the ZEN LITE software (ZEISS). Scale bars: 10 lm. (B) Immunoprecipitated

extracts from HEK293 FlpIn TRIM27 KO cells reconstituted with inducible expression (0.1 lg�lL�1 doxycycline, 20 h) of EGFP or EGFP-

TRIM27 as indicated. EGFP and EGFP-TRIM27 were immunoprecipitated by a GFP-TRAP, and detected by western blot using an anti-GFP

antibody (lower left panel). Co-precipitated SQSTM1/p62 was detected by an anti-SQSTM1/p62 antibody (upper left panel). (C) Representa-

tive GST-pulldown assay using 35S-labelled myc-TRIM27 and recombinant GST and GST-SQSTM1/p62 proteins as indicated. The amount of

TRIM27 bound to GST and GST-SQSTM1/p62 was detected by autoradiography. The assay was repeated with similar results. (D) Confocal

images showing the localization of endogenous SQSTM1/p62, EGFP-TRIM27 and mitochondria (stained with an anti-TOM20 antibody) in the

HEK293 FlpIn TRIM27KO cells with induced expression of EGFP-TRIM27 (0.1 lg�lL�1 doxycycline, 20 h). The co-localization line plot to the

right was obtained using the ZEN LITE software (ZEISS). Scale bars: 10 lm. (E) Quantification of the amount of mitochondria (TOM20 intensity

and volume) in HEK293 and HEK293 SQSTM1/p62 KO cell lines transiently expressing EGFP-TRIM27. Quantification of mitochondria voxel

was performed on fixed cells 1-day post-transfection using VOLOCITY software (Perkin Elmer). The graphs represent the average of three inde-

pendent experiments with SD, each experiment including > 80 cells per condition. **P < 0.005 (Student’s t-test).
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reconstituted cells (Fig. 7B). Addition of the TBK1

inhibitor MRT67307 leads to a significant loss of

pTBK1 on the mitochondria in the HEK293 FlpIn

cells and the HEK293 FlpIn TRIM27 KO cells recon-

stituted with EGFP-TRIM27, but not in the HEK293

FlpIn TRIM27 KO cells (Fig. 7B). Moreover, inhibit-

ing TBK1 reduced the clustering of mitochondria in

the EGFP-TRIM27-expressing cells (Fig. 7C), indicat-

ing that the TRIM27-mediated mitochondria clustering

acts via TBK1 activation. To further verify that

pTBK1 is enriched on mitochondria in the HEK293

FlpIn TRIM27 KO EGFP-TRIM27 cells, mitochon-

dria was isolated from the HEK293 FlpIn, HEK293

FlpIn TRIM27 KO and reconstituted cell lines, and

the amount of pTBK1 in the mitochondrial fraction

identified by western blotting (Fig. 7D). The blots

show that pTBK1 is highly enriched in the mitochon-

dria fractions, compared with unphosphorylated

TBK1 which is mainly localized in the cytoplasm.

TRIM27, both endogenous and the reconstituted

EGFP-TRIM27, is enriched in the mitochondria frac-

tion compared with the cytoplasmic fraction. Partial

Fig. 7. pTBK1 is stabilized on the clustered mitochondria and implicated in the TRIM27-mediated mitochondria clustering. (A) Immunostain-

ing of mitochondria (TOM20) and pTBK1 in HEK293 FlpIn TRIM27 KO reconstituted with inducible expression of EGFP-TRIM27. Images

were obtained using a LSM780 confocal laser scanning microscope, and the co-localization line plots to the right obtained using the ZEN LITE

software (ZEISS). Scale bar: 10 lm, on magnification 2 lm. (B) Quantification of the amount of pTBK1 localized on mitochondria in HEK293

FlpIn, HEK293 FlpIn TRIM27 KO and HEK293 FlpIn TRIM27 KO EGFP-TRIM27 cell lines under normal conditions, and upon treatment with

the TBK1 inhibitor MRT67307 (MRT). Quantification of the pTBK1 voxel on mitochondria was performed using VOLOCITY software (Perkin

Elmer). The graphs represent the average of three independent experiments with SD, each experiment including > 100 cells per condition.

***P < 0.0005, n.s.: not significant (Student’s t-test). (C) Quantification of the amount of mitochondria (TOM20 intensity and volume) in

HEK293 FlpIn and HEK293 FlpIn TRIM27 KO EGFP-TRIM27 cell lines under normal conditions and upon treatment with the TBK1 inhibitor

MRT67307 (MRT). Quantification of mitochondria voxel was performed using VOLOCITY software (Perkin Elmer). The graphs represent the

average of three independent experiments with SD, each experiment including > 100 cells per condition. *P < 0.05, n.s.: not significant (Stu-

dent’s t-test). (D) Western blot analysis of pTBK1, TBK1, and TRIM27 detected in the cytoplasmic and mitochondria extracts isolated from

HEK293 FlpIn, HEK293 FlpIn TRIM27 KO cells reconstituted with EGFP-TRIM27 expression. Antibodies against TOM20 verify the enrich-

ment of the mitochondrial fractions. * Indicates unspecific bands detected by the TRIM27 antibody.
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co-localization of TRIM27 with the mitochondria has

been reported previously [25]. Together these results

show that pTBK1 is stabilized on the EGFP-TRIM27-

mediated mitochondria clusters and that inhibiting

TBK1 activity reduces the EGFP-TRIM27 induced

mitochondria clustering. Hence, the TRIM27-mediated

mitochondria clustering seems to be facilitated by

active TBK1.

TRIM27 facilitates mitophagy via TBK1

Cells lacking TBK1 are deficient in depolarization-

dependent mitophagy, and several studies have impli-

cated TBK1 as an important player both in PINK1/

PARKIN-mediated mitophagy [33,34,56] and in

PINK1/PARKIN-independent mitophagy [39]. TBK1

activation in response to mitochondrial depolarization

promotes phosphorylation and efficient recruitment of

SQSTM1/p62 to depolarized mitochondria [34]. TBK1

phosphorylation of SQSTM1/p62 at S403 leads to effi-

cient binding of SQSTM1/p62 to ubiquitylated mito-

chondria [35,54]. Hence, our next question was if

TRIM27 plays a role in mitophagy. Mitophagy is a

rare happening in cells grown under normal condition.

To be able to quantify mitophagy events in many cells,

we induced mitophagy in the HEK293 FlpIn, HEK293

FlpIn TRIM27 KO and the HEK293 FlpIn TRIM27

KO reconstituted with expression of EGFP-TRIM27.

Mitophagy induction was obtained by co-

overexpression of FKBP8 and LC3A, and autophagic

degradation of mitochondria was measured using the

double-tag mCherry-EGFP-OMP25TM [57] (Fig. 8A).

In the HEK293 FlpIn cells, co-overexpression of

FKBP8 and LC3A induced mitophagy in 23 (�5)% of

the cells (Fig. 8A). However, in the HEK293 FlpIn

TRIM27 KO cells, the amount of cells undergoing

mitophagy by FKBP8 and LC3A overexpression was

reduced to 14 (�2)% (Fig. 8A). Importantly, in the

cells reconstituted with TRIM27 expression the mito-

phagy activity was increased substantially to 48

(�2)%. (Fig. 8A), and a large number of RedOnly

mitochondria were observed in the vicinity of the

mitochondria clusters. The indicative of promoted

mitophagy activity in the TRIM27-mediated mito-

chondria clusters was further supported by association

of the early autophagy protein ATG7, and the late

autophagy proteins LC3B and LAMP1 with the clus-

tered mitochondria (Fig. 8B). To pinpoint whether

active TBK1 is implicated in the TRIM27-mediated

mitophagy, the mitophagy assay was repeated with the

TBK1 inhibitor MRT67307. Figure 8C displays that

the TBK1 inhibitor significantly impairs mitophagy in

the HEK293 FlpIn cells and the HEK293 FlpIn

TRIM27 KO cells reconstituted with expression of

TRIM27, but not in the HEK293 FlpIn TRIM27 KO

cells. Together these results show that expression of

TRIM27 facilitates mitophagy in a TBK1-dependent

way.

Discussion

This study originated from a double-tag assay of vari-

ous TRIM proteins, in order to identify TRIMs that

were degraded by autophagy [13]. Our hypothesis was

that TRIMs that are directed to degradation in the

lysosome may have a role in regulation of the autop-

hagy process. We observed that mCherry-EYFP-

TRIM27 formed RedOnly puncta both in normal

conditions and upon starvation. In this work, we

show that degradation of TRIM27 can happen via

Fig. 8. TRIM27 facilitates mitophagy in a pTBK1-dependent way. (A) HEK293 FlpIn cells, HEK293 TRIM27 KO cells and HEK293 TRIM27 KO

cells reconstituted with EGFP-TRIM27 were transiently transfected with expression plasmids for the mitochondria marker mCherry-EGFP-

OMP25TM, 3xFlag LC3A and mitophagy receptor myc-FKBP8. The appearance of RedOnly structures indicates acidified mitochondria. The

images were obtained using a LSM780 (ZEISS) fluorescent confocal microscope. The graphs to the right represent quantification of the cells

displaying RedOnly dots indicative of mitophagy activity. The bars represent the average with s. (D). Of three independent experiments,

each including > 100 cells per condition. *: P < 0.05; ***: P < 0.0005; n.s.: P > 0.05 (Student’s t-test). Scale bar: 10 lm. (B) Confocal

images of the HEK293 FlpIn TRIM27 KO cells with inducible expression of EGFP-TRIM27 (0.1 lg�lL�1 doxycycline, 20 h) fixed and stained

with anti-ATG7, anti-LC3B or anti-LAMP1 antibodies, respectively. The images were obtained using a LSM880 confocal microscope with Air-

yscan module (ZEISS). Scale bars: 10 lm. (C) Quantification of cells containing RedOnly mitochondria in the HEK293 FlpIn, HEK293 FlpIn

TRIM27 KO and HEK293 FlpIn TRIM27 KO reconstituted with inducible expression of EGFP-TRIM27 (0.1 lg�lL�1 doxycycline, 20 h). The

cells were co-transfected with expression plasmids for myc-FKBP8, Flag-LC3A and the double-tag mitochondria marker mCherry-EGFP-

OMP25TM, and the cells were grown in normal media or media containing the TBK1 inhibitor MRT67307 (MRT, 5 lM, 20 h). The graphs

represent the average with SD of three independent experiments, each including > 40 cells per condition. *: P < 0.05; ***: P < 0.0005; n.s.:

P > 0.05 (Student’s t-test). (D) A model depicting the role of TRIM27 as a crowding platform for TBK1 by direct interactions, leading to

TBK1 activation via trans-autophosphorylation. TRIM27 also interacts with SQSTM1/p62, while TBK1 can facilitate the binding of SQSTM1/

p62 to ubiquitylated substrates by S403 phosphorylation. This complex is in this way a self-reinforcing structure that will facilitate mitochon-

dria clustering and mitophagy.
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autophagy pathways and that the core autophagy pro-

teins ATG7, ATG9 and the SQSTM1-like family of

autophagy receptors are required for this degradation.

It is recently shown that the only transmembrane

autophagy protein ATG9 plays an important role in

the nucleation of the autophagosome [58]. ATG9 vesi-

cles traffics from Golgi to endosomes in a ULK1-

dependent manner under stress conditions [59], and

ULK1 phosphorylation regulates trafficking of ATG9

under autophagy-inducing conditions [60]. In this

work, we show that depletion of ATG9 leads to

increased levels of TRIM27. TRIM27 seems to be

modified in the ATG9 KO cells, resulting in a slower

migrating band visualized by western blotting. In addi-

tion, the autophagy receptors SQSTM1/p62 and

NBR1 displayed increased protein levels in the ATG9

KO cells and occurred as slower migration bands on

the western blot membranes. This clearly points to

TRIM27 as an autophagy substrate similar to NBR1

and SQSTM1/p62.

Furthermore, we identified SQSTM1/p62 as a medi-

ator for autophagic degradation of TRIM27. In the

reconstituted HEK293 FlpIn TRIM27KO cells, induci-

ble expressed EGFP-TRIM27 forms cytoplasmic bod-

ies of various sizes, in addition to some nuclear dots.

This is similar to the localization pattern of endoge-

nous TRIM27 in HEK293 cells reported by others

[44]. TRIM family proteins, including TRIM27, dimer-

ize through their coiled-coil region, and self-

association seems to be a requirement for catalytic

activity [61,62]. Moreover, it is proposed that substrate

binding might induce higher-order oligomers that

enhance their activity further [63]. Here, we show that

the cytoplasmic EGFP-TRIM27 bodies are highly

ubiquitylated and that SQSTM1/p62 associates with

these bodies. However, the TRIM27 KO cells reconsti-

tuted with inducible expression of TRIM27 also con-

tained SQSTM1/p62 aggregates that did not co-

localize with TRIM27 bodies, indicating that TRIM27

can induce SQSTM1/p62 aggregation without being a

scaffold itself. Importantly, many of these SQSTM1/

p62 aggregates were localized on clustered mitochondria.

The Ser/Thr kinase TBK1, which originally was

identified as a central regulator of innate immune

responses, is now known to also be an important

player in autophagy signalling pathways. TBK1 facili-

tates recruitment of the ULK complex to damaged

mitochondria leading to mitophagy [37] and to

cytosol-invading bacteria leading to xenophagy [64].

Recruitment of TBK1 to mitochondria induces TBK1

S172 autophosphorylation [37]. A direct interaction

between TRIM27 and TBK1 has been described previ-

ously [19]. TRIM27 ubiquitylates TBK1 at lysine

residues K251 and K372, leading to its proteasomal

degradation. The strong enrichment of phosphorylated

TBK1 in cytoplasmic TRIM27 bodies observed in this

study can be explained by their direct interaction.

TBK1 is activated by trans-autophosphorylation on

S172 when TBK1 dimers are brought together and

oligomerize [65]. Hence, direct recruitment of TBK1 to

TRIM27 bodies will lead to its oligomerization and

activation by trans-autophosphorylation. Phosphory-

lated TBK1 was highly enriched on the clustered mito-

chondria and in the mitochondria fractions of the

TRIM27 KO cells reconstituted with EGFP-TRIM27

compared with the HEK293 FlpIn cells and the

TRIM27 KO cells. The amount of TBK1 was similar

in TRIM27 KO cells and TRIM27 KO cells reconsti-

tuted with EGFP-TRIM27, and TBK1 was not

enriched in the mitochondria fraction. Thus, in our

HEK293 FlpIn cells, TRIM27 does not induce the

degradation of TBK1. Instead, EGFP-TRIM27 medi-

ates the stabilization of active TBK1 in TRIM27 bod-

ies and on clustered mitochondria. Ablation of

TRIM27 alleviates mitochondrial clustering and

reduces mitophagy to a similar extent as in the

TRIM27 KO cells and the HEK293 FlpIn cells that

were treated with a TBK1 inhibitor. This suggests that

the activation of TBK1 on the mitochondria is impor-

tant for the TRIM27-mediated enhancement of mito-

phagy. Recently, it was shown that PARKIN

associates with TBK1 and mediates ubiquitylation of

TBK1 on the lysine residues K30 and K401 in car-

diomyocytes [66]. These ubiquitylation events lead to

the activation of TBK1, facilitating mitophagy via

S403 phosphorylation of SQSTM1/p62. They propose

an important role for the PARKIN-TBK1-SQSTM1/

p62 axis in alleviating cardiac ageing and that its sup-

pression will lead to mitochondrial dysfunction and

apoptosis. Similarly, our results suggest that a

TRIM27-TBK1-SQSTM1/p62 pathway exists in

HEK293 cells and that this axis facilitates clustering

and autophagic degradation of mitochondria (Fig. 8D).

TRIM27 is highly expressed in various cancers

including breast, endometrial, ovarian, lung, colon and

colorectal cancer, and colitis and colitis-associated car-

cinogenesis [17,21,46,67–71]. In this study, we connect

TRIM27 to mitochondrial homeostasis, showing that

it promotes mitophagy via TBK1 activation. Dysfunc-

tion of mitophagy is closely connected to tumorigene-

sis and tumour development [72]. In healthy cells,

mitophagy maintains normal cell metabolism and inhi-

bits tumorigenesis, while in cancer cells mitophagy

improves the survival of tumour cells and supports the

metastasis process [73,74]. One mechanism for the

oncogenic potential of TRIM27 can be explained by
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its ability to promote the degradation of dysfunctional

mitochondria, supporting survival and metastasis of

tumour cells.

Materials and methods

Antibodies and reagents

The following primary antibodies were used: rabbit poly-

clonal antibody for TRIM27 (Proteintech, Manchester,

England, #122205-1-AP; 1 : 1000); rabbit polyclonal anti-

GFP (Abcam, Cambridge, England, ab290; 1 : 5000); rab-

bit polyclonal anti-LC3B (Sigma, Darmstadt, Germany,

L7543; 1 : 1000 for WB, 1 : 500 for IF); LAMP1 (Sigma,

L1418, 1 : 200 for IF), ATG13 (Cell Signalling 13468S,

1 : 100 for IF), ULK1 (Cell Signalling 8054, 1 : 100 for

IF), GM130 (Abcam Ab 53649, 1 : 500 for IF), USP7 (Bio-

site, Solihull, England, A300-033A, 1 : 200 for IF), NBR1

(Santa Cruz Sc-130380, 1 : 1000 for WB, 1 : 200 for IF),

TOM20 (Santa Cruz Sc-11415, Dallas, TX, USA,1 : 500

for IF), FK2 (AH Diagnostics BML-PW8810-0100, Aar-

hus, Denmark, 1 : 1000 for WB, 1 : 500 for IF); mouse

monoclonal anti-p62/SQSTM1 lck ligand (BD Biosciences,

610833; 1 : 2000) and guinea pig polyclonal anti-p62/

SQSTM1 (Progen, Heidelberg, Germany, GP62/SQSTM1-

C; 1 : 2000); WIPI2 (Abcam, ab105459, 1 : 500 for IF),

ATG9a (Abcam, ab108338, 1 : 1000), NDP52 (Cell Sig-

nalling,#60732, 1 : 1000), TBK1 (Millipore, Burlington,

MS, USA, #04-856, 1 : 500), pTBK1 (Cell Signalling,

#5483, 1 : 1000 for WB, 1 : 200 for IF), calreticulin (Cell

Signalling, #12238, 1 : 200 for IF), TIM23 (BD Bio-

sciences, Heidelberg, Germany, #611223, 1 : 2000), mouse

monoclonal anti-PCNA (DAKO, Santa Clara, CA, USA,

M0879; 1 : 1000). The following secondary antibodies were

used: Horseradish-peroxidase (HRP)-conjugated goat anti-

rabbit IgG (BD Biosciences, 554021; 1 : 2000); HRP-

conjugated goat anti-mouse Ig (BD Biosciences, 554002;

1 : 2000); and HRP-conjugated anti-Biotin antibody (Cell

Signalling, #7075; 1 : 2000). The following fluorescent sec-

ondary antibodies were used: Alexa Fluor� 488-conjugated

goat anti-mouse IgG (Life Technologies, Carlsbad, CA,

USA, A-11029; 1 : 1000); Alexa Fluor� 555-conjugated

goat anti-rabbit IgG (Life Technologies, A-11008;

1 : 5000); Alexa Fluor� 555-conjugated goat anti-mouse

IgG (Life Technologies, A-21424; 1 : 1000); Alexa Fluor�
647-conjugated goat anti-guinea pig IgG (Life Technolo-

gies, A-21450; 1 : 1000). The reagents used were Bafilomy-

cin A1 (Sigma, B1793); MG132 (Sigma, C2759);

Tetracycline (Sigma, #87128); Hanks Balanced salt solution

(Sigma, H8264), MRT67307 (Sigma, 1190378-57-4).

Construction of plasmids

All plasmids used in this study are listed in Table 1. Plas-

mids were made by use of the Gateway recombination

system (ThermoFisher, Carlsbad, CA, USA). Gateway LR

reactions were performed as described in the instruction

manual. All plasmids were verified by restriction enzyme

digestion and DNA sequencing (BigDye, Applied Biosys-

tems, Waltham, MA, USA, 4337455).

Cell culture and transfections

HeLa (ATCC, CCL2), Hek293 (ATCC, Manassas, VA,

USA, CRL-1573) and Hek293 T-Rex (ThermoFisher,

R714-07) cells were cultured in Dulbecco’s modified eagle’s

medium (DMEM; Sigma, D6046) with 10% fetal bovine

serum and 1% streptomycin–penicillin (Sigma, P4333). Hek

FlpIn T-Rex cells with integrated EGFP-TRIM27, and the

various HEK293 FlpIn KO cell lines, were grown in the

same medium with additional selection marker antibiotics,

200 lg�mL�1 Hygromycin B (Invitrogen, Waltham, MA,

USA, #10687010) and 7.5 lg�mL�1 Blasticidin (Gibco,

Waltham, MA, USA, A1113903). Subconfluent cells were

transfected using TransIT-LT1 (Mirus, Mirus, GE, USA,

MIR2300) or Metafectene Pro (Biontex, M€unchen, Ger-

many, T040) following the manufacturer’s instructions. All

cell lines were routinely tested for mycoplasma contamina-

tion.

Recombinant protein production and GST-

pulldown analysis

GST or GST-tagged SQSTM1/p62 were expressed in

E. coli strain SoluBL21 (Genlantis, San Diego, CA, USA,

#C700200). Protein expression was induced by treating

overnight bacterial culture with 50 lg�mL�1 Isopropyl b-D-

1-thiogalactopyranoside (IPTG). GST or GST fusion pro-

teins were purified and immobilized on Glutathione Sephar-

ose 4 Fast Flow beads (GE Healthcare, Chicago, IL, USA,

17-5132-01). Myc-tagged TRIM27 were in vitro translated

using the TNT T7 reticulocyte Lysate system (Promega,

Madison, WI, USA, #14610) in the presence of 35S-

methionine. In vitro translated protein or total cell lysate

was pre-incubated with 10 lL Glutathione Sepharose beads

and 100 lL of NETN buffer (50 mM Tris pH 8.0; 150 mM

Table 1. Plasmids used in this study.

pDONR221 TRIM27 Harvard HsCD00042999

pDEST-mCherry-EYFP TRIM27 [13]

pDEST-EGFP-C1 [75]

pDEST-EGFP-TRIM27 This study

pDEST-Myc-TRIM27 This study

pDEST-Myc-SQSTM1/p62 [75]

pGEX-SQSTM1/p62 [75]

pDest-Myc-FKBP8 [57]

pDest-mCherry-EYFP-OMP25-TM [57]

pDest-3XFlag-LC3A [57]

pSPCas9(BB)-2A-GFP (PX458) [43] Addgene#48138

pDEST-EGFP FlpIn TRIM27 This study
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NaCl; 1 mM EDTA; 0.5% Nonidet P-40) with cOmplete

Mini EDTA-free protease inhibitor mixture tablets (Roche

Applied Science, Penzberg, Germany, 11836170001) for 1 h

at 4 °C to reduce unspecific binding. Pre-incubated lysate

was then incubated with the immobilized GST fusion pro-

tein for 2 h at 4 °C. Beads were washed five times with

NETN buffer, boiled with 29SDS gel loading buffer

(125 mM Tris pH 7.5; 4% SDS; 0.04% bromophenol blue;

8% sucrose; 100 mM dithiothreitol) and subjected to SDS/

PAGE. Gels were stained with Coomassie Brilliant Blue R-

250 Dye (Thermofisher Scientific, #20278) to visualize GST

fusion proteins and then vacuum-dried. Signals from 35S-

labelled proteins were detected by a Fujifilm bioimaging

analyser BAS-5000 (Fujifilm, Tokyo, Japan).

Western blotting

Cells were seeded in 6-well dishes and treated as indicated.

Cells were lysed in 19SDS loading buffer (50 mM Tris pH

7.4; 2% SDS; 10% Glycerol) supplemented with 200 mM

dithiothreitol (DTT, Sigma, #D0632) and heated at 100 °C
for 10 min. Protein concentration was measured using the

Pierce BCA Protein Assay Kit (Thermofisher Scientific,

#23227). Equal amounts of protein were resolved by SDS/

PAGE and transferred to nitrocellulose membrane (Sigma,

GE10600003). The membrane was stained with Ponceau S

(Sigma, P3504), blocked with 5% non-fat dry milk in 1%

PBS-T (0.2 M Tris pH 8; 1.5 M NaCl and 0.05% Tween20

(Sigma, P9416)) for 1 h and then incubated with indicated

primary antibodies for 24 h. The membrane was washed

three times for 10 min each with PBS-T followed by incu-

bation with secondary antibody for 1 h. The membrane

was washed three times for 10 min and analysed by

enhanced chemiluminescence using the IMAGEQUANT LAS

4000 (GE Lifescience, Chicago, IL, USA) or scanned on

ODYSSEY CLX IMAGER (Li-Cor, Lincoln, NE, USA).

Immunostaining and fluorescence confocal

microscopy

Subconfluent cells grown in 24-well plates on coverslips

(VWR, Radnor, PA, USA, #631-0150) coated with Fibro-

nectin (Sigma, F1141) or poly-L-Lysine (Sigma, P8920)

were treated as indicated. They were fixed in 4% formalde-

hyde for 15 min. The cells were then permeabilized with

0.05% Saponin in PBS at RT for 5 min and incubated at

room temperature 1 h with a specific primary antibody

diluted in PBS with 0.05% Saponin, followed by incubation

1 h at RT with Alexa Fluor 488-, 555- or 647-conjugated

secondary antibody diluted in PBS with 0.05% saponin

and DAPI (Thermo Scientific, 1 : 5000). Confocal images

were obtained using a 639/NA1.4 oil immersion objective

on an LSM780 (ZEISS) or LSM880 (ZEISS). Quantifica-

tion of cells containing RedOnly dots in the double-tagged

screen was done manually in three independent

experiments. Quantification of mitochondria voxel and

pTBK1 voxel on mitochondria was performed on z-stack

images of at least 100 cells per condition using VOLOCITY

(Perkin Elmer, Waltham, MA, USA), in three independent

experiments.

Generation of TRIM27 knockout in HEK293 FlpIn

cell lines

To generate knockout cells for TRIM27, the CRISPR/Cas9

system was exploited as described by Ran et al. [43]. The

Guide RNA sequence 5’-CTTTACCAGTTGGGTCACGT-

30 was ligated into the vector pSpCas9(BB)-2A-GFP

(PX458; Addgene, Waltham, MA, USA, #48138) using

BbsI restriction sites. Subconfluent Hek293 FlpIn T-Rex

cells were transfected with the targeting plasmid using

Metafectene Pro (Biontex, T020). EGFP-positive cells were

sorted by FACS and plated into 96-well plates 3-day post-

transfection. Single colonies were expanded up to 12-well

plates and KO validated by immunoblotting. Confirmed

KO clones were further screened by genomic sequencing.

The targeted genomic regions were amplified by PCR using

the primers 5’-CCGGAGAGAGCGCCGGAGAGTTG-30

and 5’-CAAGGTGAGGGCGCGGATCCGGGAG-30 and

the resulting PCR products ligated into the pGEM-T-EASy

vector (Promega, A3600). Sequencing was conducted for at

least 3 clones for each PCR product.

Generation of tetracycline-inducible HEK293 FlpIn

cell lines

The stable HEK293 FlpIn TRIM27 KO EGFP-TRIM27

cell line was generated using the HEK293 FlpIn T-Rex sys-

tem (Thermofisher, R71407). TRIM27 cDNA was trans-

ferred to the inducible FlpIn expression vector pDEST-

EGFP FlpIn by GATEWAY cloning. HEK293 FlpIn T-

Rex TRIM27 KO cells were then co-transfected with

the TRIM27 FlpIn expression vector and the FlpIn recom-

binase vector pOG44 in the ratio of 1 : 3. Cells were

selected by treatment with 200 lg�mL�1 Hygromycin B

(Invitrogen, #10687010) and 7.5 lg�ml�1 Blasticidin (Gibco,

#A1113903), and protein expression verified by induction

with Tetracycline (Sigma, #87128) or Doxycycline (Sigma,

#D3447).

Cell proliferation assay

The cell lines HEK293 T-REx FlpIn, HEK293 T-Rex FlpIn

TRIM27 KO, HEK293 T-REx FlpIn TRIM27 KO EGFP-

TRIM27 and HEK293 T-REx FlpIn TRIM27 KO EGFP

were harvested with trypsin and seeded into 12-well plates

at a density of 105 cells per well. Afterwards, cells were

incubated in IncuCyte (Essen BioScience, Ann Arbor, MI,

USA) at 109 magnification and images were taken in the

phase and green channels every 24 h. Images were analysed
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by Incucyte S3 Live-cell analysis system. The assays were

performed in triplicate.

Migration assay

The cell lines HEK293 T-REx FlpIn, HEK293 T-REx

FlpIn TRIM27 KO, HEK293 T-REx FlpIn TRIM27 KO

EGFP-TRIM27 and HEK293 T-REx FlpIn TRIM27 KO

EGFP were harvested with trypsin and seeded into 96-well

Image-Lock Microplate (Essen BioScience) at a density of

8000 cells per well. Twenty-four hours after seeding, a

scratch wound was made by using the Incucyte 96-well

WoundMaker tool (Essen BioScience) according to the

manufacturer’s instructions. Cells were incubated at 37 °C
with CO2 in the Incucyte (Essen BioScience) at 109 magni-

fication, and pictures were taken in the phase and green

channels every 15 h (for figure presentation, quantification

every 24 h is shown). Images were analysed by Incucyte S3

Live-cell analysis system. The assay was repeated indepen-

dently two times.

Mitochondria isolation assay

Subcellular fractionation was performed with a QProteome

Mitochondria Isolation kit (Qiagen) according to the

instruction manual. All steps were performed at 4 °C. In

brief, ≤1 9 107 HEK293 FlpIn T-REx cells, TRIM27 KO

cells and TRIM27 KO cells reconstituted with EGFP-

TRIM27 were resuspended in 1 mL of lysis buffer (supple-

mented with 19 Protease inhibitor), incubated for 10 min

at 4 °C in an end-over-end shaker and centrifuged at

1000 9 g for 10 min. The supernatant which contains the

cytosolic fractions was transferred into separate tubes,

while the pellet was resuspended in 1.5 mL of ice-cold dis-

ruption buffer (supplemented with 19 Protease inhibitor),

rapidly passed through 21 g needle 10 times to disrupt cells

and centrifuged at 1000 9 g for 10 min. The pellet was

saved as nuclear fraction, while the supernatant was re-

centrifuged at 6000 9 g for 10 min, 4 °C. The pellet

obtained after centrifugation comprised the mitochondrial

fraction, while the supernatant contained the microsomal

fraction. The steps for high-purity preparations were fol-

lowed according to the instruction manual. The pellet was

resuspended in 750 lL Mitochondria Purification Buffer. A

2 mL tube was prepared with 750 lL Mitochondria Purifi-

cation Buffer, 500 lL Disruption buffer (with Protease

inhibitor) pipetted in the bottom, and the resuspended pel-

let was pipetted on top of the Mitochondria Purification

Buffer. The tubes were centrifuged at 14 000 9 g for

15 min, 1.5 mL of the supernatant was removed, and the

last 0.5 mL which contains the mitochondria was trans-

ferred to a new tube. The mitochondrial fraction was

diluted with 1.5 mL Mitochondria Storage Buffer and cen-

trifuged at 8000 9 g for 10 min. Removed 1.5 mL, diluted

again and centrifuged again at the same speed. This was

repeated until a pellet was formed. The pellet at last was

resuspended in 100 lL Mitochondria Storage Buffer and

stored at �70 °C.

Mitophagy assay

HEK293 FlpIn T-Rex cells, TRIM27 KO cells and

TRIM27 KO cells reconstituted with EGFP-TRIM27 were

seeded on poly-L-lysine-coated (SIGMA) coverslips 2 days

before transient co-transfection with the plasmids mCherry-

EYFP-OMP25-TM (100 ng), pDEST-3xFlag-LC3A

(100 ng) and pDEST-myc-FKBP8 (100 ng) using the Tran-

sIT (Mirus) transfection reagent. One-day post-

transfection, the cells were fixated in 4% Formaldehyde,

15 min at R.T., stained with DAPI (5 min). The cells were

imaged using a Zeiss780 confocal microscope, and z-stack

images of at least 100 cells per condition per experiment

were manually quantified for RedOnly structures using the

ZEN software (ZEISS, Oberkochen, Germany).

Correlative light and electron microscopy (CLEM)

Cells were seeded on glass-bottom dishes (Mattek cat. no.

P35G-1.5-14-CGRD) with an engraved grid pattern to per-

mit the correlation of dish coordinates between light micro-

scope images and the resin block face prior to

ultramicrotomy. HEK293 FlpIn TRIM27 KO EGFP-

TRIM27 cells were treated with doxycycline (0.1 lg�mL�1)

for inducible expression of EGFP-TRIM27 1 day after seed-

ing. The day after, cells were stained for DAPI and fixed in

pre-warmed (37°°C) fixative containing 4% formaldehyde

and 0.5% glutaraldehyde in PHEM buffer (60 mM PIPES,

25 mM HEPES, 10 mM EGTA, 4 mM MgSO4�7H2O). Cells

were then imaged by confocal microscopy with a 409/

NA1.2 water immersion objective. After confocal micro-

scopy, cells were microwave-processed using additional fixa-

tives and contrast agents for electron microscopy: 0.05%

Malachite green/0.5% glutaraldehyde/0.1% PHEM Buffer,

1% osmium tetroxide/0.8% K3Fe(CN)6 in PHEM buffer,

1% tannic acid in ddH2O and 1% uranyl acetate in ddH2O.

Finally, samples went through stepwise ethanol dehydration

(30% – 60% – 96% – 100%) and embedding in EPON

resin. The resin was polymerized at 60°°C for 48 h and then

trimmed to the relevant dish coordinate. Seventy nanometre

sections were cut using a diamond knife (Diatome) on a

ultramicrotome RMC Atumtome and picked up on

formvar-coated mesh grids. Sections were imaged using a

Hitachi HT7800 120 kV Transmission Electron Microscope.

Correlation was performed using MIRRORCLEM software

(Hitachi, Stoke Poges, England).

Statistics

All experiments were repeated at least three times, unless

otherwise specified. Error bars represent standard
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deviations (SD). Two-sided unpaired homoscedastic Stu-

dent’s t-tests were performed to assess significant differ-

ences between populations. Replicates were not pooled for

statistical analyses.
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