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RIP1 negatively regulates basal autophagic flux
through TFEB to control sensitivity to apoptosis
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Abstract

In a synthetic lethality/viability screen, we identified the serine–
threonine kinase RIP1 (RIPK1) as a gene whose knockdown is
highly selected against during growth in normal media, in which
autophagy is not critical, but selected for in conditions that
increase reliance on basal autophagy. RIP1 represses basal auto-
phagy in part due to its ability to regulate the TFEB transcription
factor, which controls the expression of autophagy-related and
lysosomal genes. RIP1 activates ERK, which negatively regulates
TFEB though phosphorylation of serine 142. Thus, in addition to
other pro-death functions, RIP1 regulates cellular sensitivity to
pro-death stimuli by modulating basal autophagy.
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Introduction

Autophagy is a critical regulator of cell death decisions, and it is

often a pro-survival process initiated in response to cell stressors,

including nutrient starvation, such that inhibition of autophagy can

sensitize a cell toward cell death in many instances [1,2]. Conver-

sely, autophagy can also promote cell death in other, perhaps more

limited and specific, contexts [1,3].

The serine–threonine kinase, RIP1 (also known as RIPK1), plays

multiple roles in signals that regulate the inflammatory response,

cell death, cell growth, proliferation, and survival of cells. Although

a kinase, many of RIP’s functions are achieved by its ability to act

as an adaptor protein in protein complexes triggered by death recep-

tor agonists, as well as ligands of the Toll-like receptor (TLR) family,

and likely other growth factor receptors. RIP1 is important for NF-jB
signaling to mediate pro-survival signals, as well as the activation of

the MAP kinases: JNK, p38, and ERK [4]. These activities are associ-

ated with its intermediate domain [5,6]. RIP1 has multiple pro-death

functions. It is essential for most forms of programmed necrotic cell

death (or necroptosis) in combination with RIP3 and MLKL [7]. RIP1

also contributes to caspase-8 activation downstream of death recep-

tors through its death-domain-mediated interaction with FADD [8].

Additionally, RIP1 contributes to recruitment and activation of

FADD/caspase-8 in the Fas/CD95 receptor complex as mediated by

membrane-bound FasL to promote apoptotic death [9]. This addi-

tional organizing activity appears to also be related to interactions

between the RIP1 death domain and the death domains of FADD and

Fas. Thus, RIP1 has a pivotal role in signaling events that control the

balance between the life and death of a cell.

We recently reported that differences in basal autophagy determine

future cell fate [3], implying that the genes that regulate basal auto-

phagy rates would be key regulators of cell death/survival decisions.

We have reported that some tumor cells rely more on autophagy than

others [10–12]. For example, the murine breast cell line 67NR is

dependent on efficient basal autophagy to maximize its growth even

under nutrient-replete condition [10]. Thus, by screening for genes

that affect growth/viability in such cells when under stresses that

promote reliance on autophagy, we reasoned that it would be possible

to identify key modulators of basal autophagy. Using this strategy, a

kinome shRNA screen identified RIP1 as a protein that inhibits basal

autophagy. This regulation of basal autophagy is achieved by regulat-

ing a key transcription factor, TFEB, and can modulate whether a cell

lives or dies in response to death agonists.

Results and Discussion

RIP1 knockdown confers a selective disadvantage to cells under
normal growth conditions

In an autophagy-dependent mouse breast cancer cell line (67NR)

with doxycycline-inducible expression of ATG12 shRNA (Supple-

mentary Fig S1) [10], we conducted a synthetic lethality/viability

screen using an shRNA kinome library that represented the known

murine kinases (Fig 1A; Supplementary Figs S2–S5). Among the
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shRNAs that were most highly selected against in normal growth

media where basal autophagy is not induced or, presumably,

especially critical, were those to the serine–threonine kinase RIP1

(also known as RIPK1) (Fig 1B; Supplementary Fig S3). When we

examined several other shRNA screens in our laboratory, we found

that RIP1 shRNA expression was also selected against in U87 and

Daoy cells (A. Thorburn, unpublished data), as well as the breast

cell lines MCF12A, MDAMB231, MDAMB468, T47, and MCF7 [11].

These data are also consistent with a subsequent study where RIP1

was one of several genes identified from analysis of multiple

genome-wide shRNA lethality screens, and important for proper

viability/growth of 9 of 12 cancer cell lines [13]. When a lentivirus

expressing RIP1 shRNA was infected in the 67NR cells at high titer,

we observed a profound reduction in cell growth, with many cells

becoming large and multinucleated compared to control shRNA

(Supplementary Fig S6A–C). A reduction in growth and some cell

death was also seen in HeLa cells (Supplementary Fig S6D–E).

Therefore, loss of RIP1 expression confers a selective disadvantage

to cells growing under normal tissue culture conditions.

RIP1 represses basal autophagy

Despite its negative selection under normal growth conditions, RIP1

shRNA was actually selected for during both induced ATG12 partial

knockdown and EBSS treatment (Fig 1B; Supplementary Fig S3–S5).

Both these conditions are expected to make autophagy-dependent

cells such as 67NR [10] either find a way to bypass the need for

autophagy or to increase basal autophagy. Thus, we inferred that

RIP1 might inhibit autophagy and that knockdown of RIP1 would

therefore lead to greater basal autophagy.

Indeed, RIP1 knockdown increased autophagic flux as measured

by Western blotting of LC3II accumulation (Fig 2A). Microscopic

observation revealed that RIP1 knockdown increased LC3 puncta

formation in either chloroquine (CQ)-treated or untreated cells

(Fig 2B), indicating that RIP1 depletion upregulates autophagosome

formation. Autophagic flux was measured in HeLa cells expressing a

tandem mCherry-GFP-LC3 protein using flow cytometry as we have

done previously [3], where increased autophagic flux is indicated by

an increase in red/green fluorescent ratio. This confirmed that

multiple RIP1 shRNAs increased basal autophagic flux (Supplemen-

tary Fig S7A, quantified in Fig 2C). Moreover, starvation only

marginally increased autophagy in RIP1-knockdown HeLa cells rela-

tive to non-silencing cells (Fig 2D; Supplementary Fig S7B–C),

suggesting that RIP1 largely affects basal autophagy. Experiments in

RIP1-knockdown or knockout MEFs and MCF10A cells gave similar

results as assessed by Western blotting, the tandem mCherry-GFP-

LC3 flow cytometry assay, and accumulation of LC3 puncta as

measured by microscopy (Supplementary Fig S7D–J). Restoration of

Figure 1. RIP1 shRNAs are selected against under normal growth
conditions, but are selected for under conditions that increase reliance on
basal autophagy.

A Strategy for synthetic lethality/viability screen in 67NR cells. After infection
with shRNA library virus (~1.5 MOI, 24 h), some cells were directly harvested
the following day, while others were further treated with doxycycline (72 h),
and some cells were treated with EBSS (48 h). Chromosomal DNA was
analyzed after amplification by next-generation sequencing.

B Identification of genes with highest statistical significance in the shRNA
kinome library synthetic lethality/viability screen. Shown are those genes
whose shRNAs are most enriched and depleted under normal growth (top),
doxycycline-treated (ATG12-deficient) (middle), and EBSS-treated (bottom)
conditions.

A

B
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RIP1 expression in RIP1�/� MEFs reduced basal production of LC3II

(Supplementary Fig S7H).

RIP1 repression of autophagy does not require its kinase activity

RIP1 is essential for necrotic cell death induced by death receptor

agonists such as TNF or FasL, where its kinase activity is important

for the formation of a downstream complex with RIP3 [7].

Necrostatin-1 inhibits RIP1 kinase activity and necrotic cell death

[14] and was previously reported to repress autophagy in certain

contexts [15,16]. However, it had no effect on basal autophagy

(Supplementary Fig S8A and B), suggesting that the kinase activity

of RIP1 is not required for suppression of autophagy. Furthermore,

expression of a kinase-dead RIP1 mutant (K45A) was capable

of reducing autophagy in RIP1�/� MEFs to a great extent (Supple-

mentary Fig S8C). A caspase-uncleavable mutant (D324K), a

ubiquitination-deficient mutant (K376R), and a construct lacking

the death domain (ΔDD) were also capable of repressing LC3II

formation (Supplementary Fig S8D). These data suggest that

repression of autophagy is associated with the intermediate domain

A

C D

B

Figure 2. Depletion of RIP1 leads to an increase in basal autophagy.

A Western blots of lysates from RIP1-knockdown or control HeLa cells treated with bafilomycin A1 (20 nM) for the indicated time course.
B (Left) Representative images of GFP LC3 puncta in HeLa/Ctr and HeLa/shRIP1 cells with and without CQ (10 lM, 3 h). (Right) Graph indicates the percentage of cells

with > 30 LC3 GFP puncta per cell from three independent experiments (mean � SD). **P < 0.01.
C Flow cytometric analysis of autophagy in HeLa mCherry-GFP-LC3 cells infected with lentivirus carrying three different shRIP1 (#1–3) or non-silencing (Ctr) shRNAs.

Percentage of cells with high mCherry/GFP ratio is shown (mean � SD, n = 3). **P < 0.01.
D Flow cytometric analysis of autophagy in HeLa mCherry-GFP-LC3 cells infected with RIP1 or non-silencing shRNA and treated with starvation medium (EBSS) and/or

chloroquine (CQ: 10 lM) for 3 h. Percentage of cells with high mCherry/GFP ratio is shown (mean � SD, n = 3). *P < 0.05, **P < 0.01.

EMBO reports Vol 16 | No 6 | 2015 ª 2015 The Authors

EMBO reports RIPK1 inhibits basal autophagy Tohru Yonekawa et al

702



A B C

D E F

G H I

Figure 3. RIP1 depletion facilitates nuclear translocation of TFEB accompanied by the expression of TFEB-regulated autophagic genes.

A qPCR data from HeLa cells indicating the levels of autophagy-related mRNAs in RIP1-knockdown cells normalized relative to ACTB (b-actin) and to non-silencing
control cells (mean � SD, n = 3).

B Western blotting of the lysosomal protein LAMP-1 48 hours after RIP1 knockdown in HeLa cells.
C, D Western blots showing TFEB phosphorylation (S142) after RIP1 knockdown in HeLa cells using two different shRNAs (C, shRNA #1; D, shRNA #3).
E Western blotting of nuclear/cytosolic fractionations of pcDNA-TFEB–expressing HeLa cells with subsequent RIP1 knockdown.
F Data from luciferase assay in HeLa cells expressing pGL3-basic (empty) or pGL3-4xCLEAR (four tandem TFEB recognition elements) and non-silencing or RIP1

shRNA, normalized to control cells. Data show mean � SD, n = 3. **P < 0.01.
G Western blotting analysis of HeLa/Ctr and HeLa/shRIP1 cells showing ERK and S6K phosphorylation states.
H Western analysis of the lysates from RIP1-knockdown or control HeLa cells showing a decrease in phosphorylation of the MEK substrate RSK.
I Western blot of lysates from HeLa cells infected with non-silencing control or RIP1 shRNA cultured in serum-free medium for 20 h and subsequently cultured in

the presence or absence of EGF (100 ng/ml).
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or RHIM domain of RIP1, and since ubiquitination of RIP1 is

reported to be necessary for its ability of activate NF-jB [17], this

suggests that RIP1’s ability to activate NF-jB is not involved in the

suppression of autophagy, consistent with the lack of effect of IKK2

inhibitor on LC3II formation (Supplementary Fig S8E). Exclusion of

the kinase, NF-jB activation, and the death-domain-associated func-

tions in RIP1-dependent autophagy repression suggests that this

effect is due to the remaining (and intermediate-domain-dependent)

known functions of RIP1, which are known to activate MAP kinase

(MAPK) signaling pathways.

RIP1 knockdown upregulates autophagy and lysosomal activities
and is accompanied by reduced phosphorylation of TFEB

To test whether RIP1 knockdown affects expression of autophagy

genes, we investigated mRNA levels for 86 autophagy-associated

genes using an autophagy qRT–PCR array in shRIP1-treated HeLa

cells. Many such genes were upregulated by RIP1 knockdown

(Supplementary Table S1). We verified the reproducibility of the

upregulation of several of these genes in three independent qRT–

PCR experiments using different primer sets (Fig 3A). The expres-

sion of autophagy genes, ATG9B, UVRAG, WIPI1 and GABARAP,

and lysosomal genes, LAMP1, CTSD and CTSS, were significantly

upregulated by RIP1 knockdown, while housekeeping genes GAPDH

and ACTB were not affected. The lysosomal protein LAMP1 was

increased in RIP1-knockdown cells (Fig 3B), indicating that RIP1 is

involved not only in the repression of autophagosome formation,

but also in the repression of lysosomal biogenesis, reminiscent of

transcription regulated by TFEB (transcription factor EB), which

globally regulates the expression of autophagy and lysosomal

proteins [18].

Previous reports demonstrated that two kinases, MAP kinase

ERK2 and mTORC1, can phosphorylate TFEB at S142, inhibiting its

translocalization to the nucleus and preventing transcriptional

enhancement of autophagy and lysosomal genes [18–20]. Phosphory-

lation of TFEB was inversely correlated with RIP1 deficiency as

A B

C D E

Figure 4. RIP1 depletion-mediated activation of autophagy requires TFEB in conjunction with decreased basal ERK activity.

A Flow cytometric analysis of autophagy in MCF10A mCherry-GFP-LC3 cells treated or untreated overnight with an inhibitor of the ERK activator MEK (U0126).
B Western blot of lysates from HeLa cells expressing GFP, RIP1, or its kinase-deficient mutant showing the ability of RIP1 or its kinase mutant to stimulate ERK

activity as measured by ERK phosphorylation.
C–E In mCherry-GFP-LC3–expressing HeLa and MCF10A cells, the ratio of the amount of high-autophagy cells (measured by flow cytometric analysis) in RIP1 shRNA

cells compared to non-silencing control shRNA cells is shown for HeLa cells expressing constitutively active MEK (C), and for HeLa (D) or MCF10A (E) cells
expressing non-silencing or TFEB shRNAs. Data show mean � SEM, n = 3. §MEK activation or TFEB shRNA reduces the ability of RIP1 shRNA to induce autophagy
with a P-value < 0.05.
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indicated by Western blotting using a phospho-TFEB (phosphor-

S142) antibody (Fig 3C and D). Increased TFEB was present in the

nucleus of RIP1-knockdown cells and also associated with addi-

tional TFEB protein mobility (Fig 3E). Luciferase assays indicated

that knockdown of RIP1 activated a promoter containing four

tandem TFEB recognition elements (4xCLEAR), indicating that

RIP1 deficiency was capable of activating TFEB-mediated tran-

scription (Fig 3F). ERK phosphorylation was significantly reduced

in RIP1-knockdown cells (Fig 3D, G), whereas phosphorylation of

mTORC1 substrate, p70 S6 kinase, did not differ upon RIP1

A

B C

D E

F G

Figure 5. RIP1 depletion affects death receptor-induced cell death in part through effects on TFEB and autophagy.

A Western blot of lysates from MCF10A cells expressing non-silencing control or RIP1 shRNAs.
B, C Cells were then treated with (B) FasL or (C) TRAIL for 24 h, and cell viability was analyzed by MTS. Data shown are mean � SEM, n = 4.
D Cell viability (MTS) of TRAIL-treated (24 h) MCF10A cells with double knockdown using non-silencing, ATG7 and/or RIP1 shRNAs. Data shown are mean � SEM,

n = 4.
E–G Cell viability (MTS) of TRAIL- or Fas-treated (24 h) HeLa (E) or MCF10A cells (F, G) with double knockdown using non-silencing, TFEB and/or RIP1 shRNAs, as

indicated. For these experiments, each data point is normalized to the non-silencing control for each treatment dose and condition. Data shown are mean � SEM,
n = 4.
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knockdown (Fig 3G). Phosphorylation of the ERK substrate RSK

was also reduced in cells with RIP1 knockdown (Fig 3H). Consis-

tent with this mechanism regulating basal activity, both MEK and

ERK could be activated in RIP1-knockdown HeLa cells by the

acute addition of EGF (Fig 3I). Thus, we conclude that the path-

way was still functional in RIP1-deficient cells, but basal rates of

ERK activity in nutrient-replete conditions are controlled through

RIP1 regulation of TFEB activity. To test this, tandem mCherry-

GFP-LC3–expressing cells were treated with a pharmacological

inhibitor of MEK (U0126), an essential upstream activator of ERK.

This led to a pronounced increase in red/green ratio (Fig 4A),

indicating that inhibition of basal ERK signaling is sufficient to

increase basal autophagy. Ectopic expression of RIP1 and ectopic

expression of the kinase-dead RIP1 mutant (K45A) were both

sufficient to activate ERK as measured by phospho-ERK immuno-

blotting (Fig 4B), consistent with the ability of the kinase-dead

mutant to repress basal autophagy (Supplementary Fig S8C).

Importantly, expression of a constitutively active MEK or a TFEB

shRNA was sufficient to prevent RIP1 knockdown from inducing

autophagy (Fig 4C–E).

Basal autophagy can regulate cell death both positively and nega-

tively in a stimulus-specific manner [3,21]. In some but not all

tumor cells, higher basal autophagy selectively potentiates Fas-

ligand-mediated cell death while inhibiting TRAIL-mediated cell

death [3]. This is achieved through autophagy-dependent degrada-

tion of the phosphatase FAP1, which is expressed in a subset of

cells, and which is a negative regulator of Fas but not TRAIL-

induced apoptosis. We treated MCF10A cells (which express FAP1)

with Fas ligand (FasL) and TRAIL. The FAP-1 protein was nega-

tively regulated by the increased autophagy in RIP1-deficient cells

(Supplementary Fig S9). Knockdown of RIP1 (Fig 5A) increased the

sensitivity of these cells to FasL (Fig 5B), but protected from TRAIL-

induced cell death (Fig 5C). ATG7 knockdown had little effect on

TRAIL-induced cell death in the non-silencing MCF10A cells, consis-

tent with there being little basal autophagy in these cells; however,

knockdown of ATG7 inhibited the ability of RIP1 knockdown to

protect from TRAIL-induced cell death (Fig 5D). Likewise, expres-

sion of TFEB shRNA reduced the protective effect of RIP1 knock-

down on TRAIL-induced toxicity (Fig 5E–F). In contrast, expression

of TFEB shRNA prevented the potentiation of cell death by RIP1

depletion in response to FasL (Fig 5G). Finally, pharmacological

inhibition of ERK activation protected from TRAIL-induced toxicity

(Supplementary Fig S10A), but protection was reduced when TFEB

was knocked down (Supplementary Fig S10B). Taken all together,

these data suggest that RIP1’s ability to repress basal autophagy

through activation of ERK and repression of TFEB activity can

determine the stimulus-selective response to cell death stimuli.

Thus, RIP1 modulates cell death not only by mediating pro-necrotic

signals and caspase-8 activation but also through its ability to

control basal autophagy.

Materials and Methods

Cell culture

HeLa cells and mouse embryonic fibroblasts (MEFs) were grown in

DMEM supplemented with 10% fetal bovine serum. MCF10A cells

were grown in DMEM/F12 supplemented with 5% horse serum,

20 ng/ml EGF, 0.5 mg/ml hydrocortisone, 100 ng/ml cholera toxin,

and 10 lg/ml insulin. For starvation experiments, cells were grown

in EBSS for 3 h. For EGF treatment, cells were washed twice with

PBS, cultured in DMEM (w/o serum) for 20 hrs, and then treated

with EGF (100 ng/ml) for 20 min. MEF, HeLa, and MCF10A cell

lines were infected with retrovirus carrying pBabe puro-mCherry-

GFP-LC3 for 2 days and selected with puromycin (2 lg/ml) to

obtain stable cell lines.

shRNA screen

The shRNA kinome library was obtained from the Functional

Genomics Shared Resource of the University of Colorado Cancer

Center that included 3,337 shRNAs encoding all 659 known murine

kinases, including tyrosine kinases, each gene target having five

different shRNAs. Contents of the library, including individual TRC

numbers, can be found at http://functionalgenomics.colorado.edu/

documents/panel-mouse-kinase.xls and http://functionalgenomics.

colorado.edu/documents/panel-mouse-tyrosinekinase.xls. After

infection of the 67NR cells with shRNA library virus (~1.5 MOI,

24 h), some cells were directly harvested the following day, while

others were further treated with doxycycline (72 h), and some cells

were treated with EBSS (48 h). Chromosomal DNA was analyzed

after amplification by next-generation sequencing. Analysis of the

screen data was done as previously described [22].

Western blots

Cells were lysed with RIPA buffer containing protease inhibitor

cocktails (Roche) and phosphatase inhibitor cocktail (Thermo Scien-

tific). Protein lysates were sonicated briefly, resolved by SDS–PAGE,

analyzed by Western blot, and visualized by enhanced chemilumi-

nescence.

Fluorescence microscopy

Cells/mCherry-GFP-LC3 were grown on coverslips and, after

treatment, fixed with 4% formaldehyde in PBS, washed with

PBS, and mounted on slides with gelvatol mounting medium.

Cells were observed in a ZEISS Axiovert 2000 M microscope

using 63× magnification with Volocity software. Images showing

50 cells for each experiment were used for the evaluation of

autophagosome formation. A cell having more than 30 GFP-

positive LC3 puncta was evaluated as an autophagy-positive cell

with respect to this assay.

Measurement of autophagic flux by flow cytometry

Flow cytometry was used to measure autophagy in cells expressing

mCherry-GFP-LC3 using a modification of the procedure used by

Gump et al [3]. Cytometry was performed with a Moflo XDP 100

machine (Beckman Coulter) or a Gallios 561 (Beckman Coulter)

using 488- and 561-nM lasers for red and green fluorophore excita-

tion, respectively. Non-viable cells were excluded from analysis by

gating on the appropriate forward/side scatter profile. Cells with

high autophagy were defined as those gated as having a high

mCherry/GFP fluorescence ratio as illustrated in Supplementary Figs
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S7E and S8C. Bafilomycin A1-treated control cells were used to set

this gate. Since bafilomycin A1 inhibits autophagic flux, the bottom

of the gate for each set of flow cytometry experiments was set at the

rightward base of the bafilomycin A1-treated cells, with the assump-

tion that the cells under the bafilomycin A1 curve represented cells

with little or no autophagic flux and that cells to the right of this

curve would have higher autophagic flux. The quantitation gate was

set such that no more than 2–5% of bafilomycin A1-treated cells

from every given condition would be included in the gate. However,

an exception to this rule was made in the case of MEF cells, due to a

long rightward tail in the bafilomycin A1 curve. For MEFs, therefore,

up to 15% of bafilomycin A1-treated cells were allowed within the

gate.

Viability and toxicity assays

For MTS assays, cells in 48-well plates were treated for the indicated

time course. MTS reagent (Promega) was added according to the

manufacturer’s instructions, and the absorbance was read at 490 nm.

For clonogenic assays, small numbers of cells were plated in six-

well plates. Cells were allowed to recover and grow for 5 days,

fixed, and stained with crystal violet (BD). Plates were scanned,

stain was solubilized with 30% acetic acid, and absorbance was

measured at 540 nm.

Subcellular fractionation analysis

Subcellular fractionation was performed as previously described

[18]. Briefly, HeLa cells were transiently transfected with

pcDNA3.1-TFEB (0.5 lg/10 cm plate). After 24 h, cells were

infected with non-silencing shRNA or shRIP1 virus. Cells were lysed

with lysis buffer (0.5% Triton X-100, 50 mM Tris–HCl pH 7.5,

137.5 mM NaCl, 10% glycerol, 5 mM EDTA) containing protease

inhibitor cocktails and phosphatase inhibitor cocktails for 20 min

on ice followed by centrifugation at 1,000 × g for 3 min at 4°C.

Supernatants were centrifuged at 15,000 rpm for 5 min, and its

supernatant was used as cytosolic fraction for Western blots. After

centrifugation at 1,000 × g for 3 min, pellets were washed with lysis

buffer twice, and pellets were dissolved in lysis buffer, sonicated,

and subjected to Western blot analysis. Antitubulin and histone H3

antibodies were used as cytosolic and nuclear markers each.

Statistical analysis

Statistical analysis was performed using an unpaired Student’s t-test.

Supplementary information for this article is available online:

http://embor.embopress.org
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