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SUMMARY

The interferon (IFN) pathway is critical for cytotoxic T cell activation, which is central to

tumor immunosurveillance and successful immunotherapy. We demonstrate here that PKCA /v
inactivation results in the hyper-stimulation of the IFN cascade and the enhanced recruitment of
CD8+ T cells that impaired the growth of intestinal tumors. PKCA/x directly phosphorylates

and represses the activity of ULK2, promoting its degradation through an endosomal
microautophagy-driven ubiquitin-dependent mechanism. Loss of PKCA/x results in increased
levels of enzymatically active ULK?2 that by direct phosphorylation activates TBK1 to foster the
activation of the STING-mediated IFN response. PKCA/v inactivation also triggers autophagy that
prevents STING degradation by chaperone-mediated autophagy. Thus, PKCA/v is a hub regulating
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the IFN pathway and three autophagic mechanisms that serve to maintain its homeostatic control.
Importantly, single cell multiplex imaging and bioinformatics analysis demonstrated that low
PKCA/v levels correlate with enhanced IFN signaling and good prognosis in colorectal cancer

patients.

In Brief

Linares et al. describe how PKCA /v loss activates intestinal epithelial ULK2 and leads to its
accumulation by inhibiting its degradation by microautophagy. Activated ULK2 phosphorylates
TBK1 to promote the STING-mediated IFN signaling that triggers a CD8* anti-tumor response.
Activation of macroautophagy by PKCA /1 deficiency prevents STING degradation by chaperone-

mediated autophagy.

Graphical Abstract
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INTRODUCTION

Immunosurveillance is one of the critical mechanisms that restrict tumor initiation but,
as cancer progresses, it is impaired and often substituted by an immunosuppressive
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microenvironment (Dersh et al., 2021; Vitale et al., 2021). In colorectal cancer (CRC), as
in many other types of neoplasia, the presence of tumor-infiltrating lymphocytes indicates
a favorable prognosis (Gentles et al., 2015; Mlecnik et al., 2016). CRC is a paradigmatic
example of the role of different types of immune responses in the genesis and development

of the disease and their potential therapy (Bruni et al., 2020). Despite improvements in
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systemic treatment, CRC is a major cause of cancer mortality worldwide with a 5-year
survival rate of only 12%-14% for those diagnosed with distant-stage disease (Martini et
al., 2020). The general consensus is that genome instability and hypermutation-generated
neoantigens theoretically predict a favorable response to immunotherapy (Germano et al.,
2017; Le et al., 2017; Mandal et al., 2019). Unfortunately, many patients harboring high
tumor mutational burden cancers do not respond to this type of therapeutic strategies
(Martini et al., 2020).

Although immunotherapy has been approved for MSI-H patients, 60% of these individuals
fail to respond to immune checkpoint blockade (ICB) (Bruni et al., 2020; Overman et al.,
2017). The fact that MSI-H CRC only comprise 14% of all CRC, together with the evidence
that the vast majority of CRC cases fall in the MSS category, which are refractory to
immunotherapy, makes ICB effective only in a very small proportion of patients (Bruni et
al., 2020; Le et al., 2017; Overman et al., 2017). An emerging notion in the CRC field is that
a mesenchymal phenotype of the tumor epithelium, together with an immunosuppressive
and desmoplastic stroma, predicts adverse outcomes in CRC patients better than the
presence of prevalent mutations (Jones et al., 2008; Mlecnik et al., 2016; Siegel et al.,
2017). Thus, key features of the tumor microenvironment (TME), such as the lack of T

cell infiltration, increased immunosuppression, and a highly mesenchymal phenotype with
desmoplastic stroma, predict adverse outcomes in CRC patients (Calon et al., 2015; Galon
et al., 2006; Tosolini et al., 2011). Indeed, these are defining characteristics of the poor
prognosis CMS4 subtypes, according to the most recent transcriptomic classifications of
different CRCs (De Sousa et al., 2013; Guinney et al., 2015). Furthermore, CMS2 and
CMS3 CRCs are “cold” from an immunological point of view, while tumors in CMS4
mouse models can only be reduced by anti-PD-L1 treatment if the immunosuppressive
microenvironment is simultaneously inhibited with anti-TGFp cotreatment or by blocking
suppressor myeloid cells (Liao et al., 2019; Nakanishi et al., 2018; Tauriello et al., 2018).
These observations suggest that immunotherapy might be an effective way to treat CRC
aggressive tumors if immunosurveillance mechanisms are upregulated. Therefore, although
immunotherapy holds the promise of a cure or at least better treatments for CRC and other
cancers, still much needs to be understood about how to boost the anti-tumor immune
response and to prevent immunosuppression.

We have recently reported that when the atypical protein kinase C (aPKC) A/v isoform
(PKCA/) is selectively deleted in intestinal epithelial cells (IECs; Prkci-Villin-Cre), mice
develop intestinal inflammation and an infiltration of CD8* T cells (Nakanishi et al., 2018).
While these mutant mice do not develop tumors, depletion of CD8* T cells results in

the generation of spontaneous intestinal carcinomas with serrated CMS4 characteristics
(Nakanishi et al., 2018). These results indicate that while the loss of PKCA/v in IECs
activates inflammation-driven pro-tumor signals, it simultaneously triggers CD8* T-cell
mediated immunosurveillance mechanisms that prevent tumor initiation (Nakanishi et al.,
2018). The study of the Prkci-Villin-Cre mice revealed that although PKCA /v deficiency
is protumorigenic under conditions of immunosuppression, its ability to promote the
recruitment of CD8* T cells is a potent deterrent for tumor development (Nakanishi et

al., 2018). What remains to be tested is whether inhibiting PKCA/x will trigger a cancer
inhibitory immune response sufficient to shrink already established tumors, which would
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be consistent with PKCA/x being a therapeutic target in cancer by boosting anti-neoplastic
immune responses in CRC. Therefore, unraveling the mechanisms of action of this PKC
isoform will generate critical information on how to enhance cytotoxic T cells to restrain
tumorigenesis either alone or in combination with other therapies. Here we have addressed
this fundamental question and determined the mechanisms whereby PKCA/x controls
immunosurveillance that blunt tumor initiation and progression.

PKCA/L deficiency results in the upregulation of the IFN pathway in intestinal epithelial

cells

Gene set enrichment analysis (GSEA) and NextBio interrogation of the transcriptome

of IECs from mice with the selective deletion of PKCA/v in the intestinal epithelium
(Prkci’®: Viillin-Cre), revealed the upregulation of signatures indicative of IFN pathway
activation (Figures 1A and S1A-1C). Chromatin accessibility analysis (ATAC-seq) combined
with the RNA-seq data using the PageRank algorithm Taiji (Zhang et al., 2019) identified
IFN-related TFs as key drivers of the enhanced IFN response phenotype in Prkci’t; Villin-
Cre IECs (Figure 1B). To investigate the cell autonomous effect of PKCA/v loss in the
activation of the IFN cascade, we generated organoids from inducible Prkc/'t; Villin-CreER
mice, which showed increased expression of IFN-stimulated genes (ISGs) upon tamoxifen
treatment (Figures 1C and 1D). GSEA of transcriptomics data of tumor organoids (MTOSs)
with simultaneous mutations in Apc, Trp53, Kras, and Tgfbr2 (Tauriello et al., 2018),

and deletion of Prkciby CRISPR/Cas9 showed enrichment of IFN signatures (Figures
S1D-S1F). PCR analysis confirmed the upregulation of ISGs in PKCA/v-deficient MTOs
(Figures S1G). Therefore, the loss of PKCA/v in the intestinal epithelium results in the
cell-autonomous upregulation of IFN signaling.

PKCA/v-deficiency in the intestinal epithelium drives IFN activation and anti-cancer
immunosurveillance in vivo

Immunohistochemical (IHC) analysis of Prkcf!T; Villin-Cre intestines showed strong IFN
activation, as determined by pSTAT1 (Figure 1E). Tamoxifen treatment of Prkci™; Villin-
CreER mice also resulted in increased pSTATL1 in the IEC compartment (Figures 1F and
1G). The IFN pathway is instrumental for the induced recruitment and stimulation of

CD8™* T cells (Dersh et al., 2021; Vitale et al., 2021). Consistently, tamoxifen-treated
Prkci’™: Viillin-CreER mice displayed abundant intestinal infiltration of CD8* T cells as
compared to controls (Figure 1H). Enhanced recruitment of CD8* T cells was also observed
in the lamina propria (Fig. S1H). Increased IFN and CD8* infiltration is associated with
enhanced anti-tumor immunosurveillance (Dersh et al., 2021; Vitale et al., 2021). Therefore,
we posited that the inducible genetic inactivation of PKCA/v in IECs will negatively

impact the growth of established intestinal tumors. To test this hypothesis, we subjected
Prkci'™; Viillin-CreER mice to the azoxymethane (AOM)/dextran sulfate sodium salt (DSS)
protocol (Kasashima et al., 2020). At the completion of the AOM/DSS treatment, when
tumors were visible by colonoscopy, mice were intraperitoneally injected with tamoxifen
and sacrificed four weeks thereafter (Figure 11). IHC of PKCA/1 showed the efficient
deletion of Prkciupon tamoxifen injection (Figure S11). The inducible deletion of PKCA/v
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in IECs resulted in reduced tumor burden (Figures 1J and 1K), which correlated with
increased pSTAT1 and recruitment of CD8" T cells (Figures 1L and 1M). Next, mice were
subcutaneously transplanted with syngeneic MC38 cells with Prkci deleted by CRISPR/
Cas9 (Figure 1N). sgPrkci MC38 cells showed reduced tumor volume concomitant with
increased pSTAT1 and infiltration of CD8+ T cells (Figures 10-1Q). Similar results were
obtained with subcutaneous transplantation of MTO sgC and sgPrkci (Figures 1R-1U).
These results demonstrate that the increased IFN response triggered by the inactivation

of PKCA/v in the intestinal epithelium results in reduced tumorigenesis associated with
increased infiltration of CD8™ T cells.

PKCA/v interaction with ULK2 is critical for the control of the IFN response through TBK1

CGAS is the cellular sensor of dsDNA that produces the second messenger cGAMP to
activate STING in the endoplasmic reticulum (ER) (Ishikawa and Barber, 2008; Sun et

al., 2013). Upon activation, STING translocates to the Golgi where polymerizes to recruit
and activate TBK1, which phosphorylates itself, STING and, subsequently, the interferon
regulatory factor 3 (IRF3) (Hopfner and Hornung, 2020). Phosphorylated IRF3 controls the
transcriptional activation of type I IFNs that triggers the phosphorylation and activation of
STAT1 (Burdette and Vance, 2013; Hopfner and Hornung, 2020) (Figure 2A). The whole
signaling cascade, including increased levels of STING and its phosphorylated form, was
upregulated in dsDNA-treated sgPrkci MC-38 cells as compared to control cells (Figure
2B). Similar results were obtained in the mouse non-tumor immortalized MODE-K cell line
(Figure 2C), which resulted in increased 1SGs expression in response to dsDNA (Figure
S2A). Augmented levels of IFN transcripts were also detected in sgPrkci MC38 (Figure
S2B) and in IECs from Prkcft; Villin-Cre mice (Figure S2C). Increased IFN signaling

was observed in HEK293 cells that are responsive to cGAMP (Zhang et al., 2014), which
indicates that PKCA/x impacts the IFN cascade upstream of TBK1 but downstream of
CGAS (Figures 2A and 2D). Accumulation of STING was observed in vivo upon deletion of
PKCA/v in IHC of intestines of Prkci™: Villin-Cre and Prkcf™; Villin-CreER mice (Figures
2E and 2F).

To dissect the mechanism, we carried out an unbiased approach to identify partners of
PKCA/v using the proximity-dependent biotin method (BiolD2). p62/SQSTM1, a well-
known partner of PKCA/v (Moscat et al., 2016; Sanchez et al., 1998), was identified

among the most significant interactors in this screening, validating this approach (Figure
2G). Pathway enrichment analysis using the REACTOME database (https://reactome.org/)
identified autophagy, in keeping with our recently published data (Kudo et al., 2020; Moscat
and Diaz-Meco, 2020), and intracellular trafficking from the endoplasmic reticulum to the
Golgi (Figures 2G, S2D and S2E). This screening also identified ULK2 (Fig. 2G), which
together with ULKZ1, is not only involved in autophagy but also in IFN signaling (Lee

and Tournier, 2011; Saleiro et al., 2015). We confirmed that ULK2 binds PKCA/x by
immunoprecipitation of ectopically expressed proteins (Figure 2H). Knockdown of U/k2,
but not of U/kZ, rescued the enhanced dsDNA-induced IFN signaling by PKCA/+ deficiency,
including STING phosphorylation (Figures 21 and S2F), as well as ISGs expression

in MODE-K and MC38 cells (Figures S2G and S2H). Previous studies suggested that
ULK1 can activate TBK1 by phosphorylation of S172 (Zhao et al., 2018). Because the
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strong similarity between both ULK isoforms, we tested whether TBK1 could also be

a substrate of ULK2. An in vitro kinase assay using recombinant ULK2 confirmed that
ULK?2 phosphorylates TBK1 at S172 (Figure 2J). Consistently, the ability of ULK2 to
phosphorylate TBK1’s S172 was more prominent when ULK2 was immunoprecipitated
from sgPrkci HEK293T cells than from sgC cells (Figure 2K). This increased activation
of TBK1 in PKCA/v-deficient cells is responsible for the enhanced phosphorylation of
STING in these cells (Figure 21). Knockdown of TBK1 reverted pSTING levels in dsSDNA-
stimulated sgPrkci cells to those of basal controls (Figure 2L). ULK2 was required for the
formation of the TBK1-STING complex (Figure 2M), whereas loss of PKCA /v increased
it (Figure 2N). These data support a model whereby PKCA/v deficiency promotes the
activation ULK2, which renders TBK1 active by S172 phosphorylation, triggering its
association with STING, a critical event in IRF3 phosphorylation and activation.

The pharmacological inhibition of ULK1/2 reduces the IFN response promoted by PKCA/1-

deficiency

Treatment of dsDNA-stimulated cells with a ULK1/2 pharmacological inhibitor
(SBI-0202965; (Egan et al., 2015)) impaired the phosphorylation of TBK1, IRF3, STAT1
and STING (Figure 3A). Although SBI1-0202965 is a 5-10 fold more potent inhibitor

of ULK1 than ULK2 (Egan et al., 2015), given that the knockdown of U/k2 but not

Ulk1 reversed the effect of sgPrkciin MODE-K cells (Figure 2I), our results provide
pharmacologic validation of the role of ULK2 in the activation of the IFN response and
suggest that SBI1-0202965 effectively targets ULK2 activation in this system. To analyze
the effect of the ULK1/2 inhibitor in vivo, we treated Prkci’t; Villin-Cre and Pricff

mice with SBI1-0202965, which reduced the enhanced IFN response in these mutant mice,
as determined by pSTAT1 and STING IHC (Figures 3B-3D). Western blot analysis of
pTBK1, pSTAT1 and STING or gPCR of ISGs mRNA of isolated IECs showed complete
impairment of the IFN-induced signaling in ULK inhibitor-treated samples (Figures 3E and
3F). Furthermore, the in vivo treatment also abolished the enhanced infiltration of CD8*

T cells in Prkcf™™; Villin-Cre intestinal tissues to levels comparable to those of WT mice
(Figure 3G). These data demonstrate the biological relevance of the PKCA/1-ULK2-TBK1
axis in the control of the IFN response.

PKCA/v directly represses ULK2 kinase activity

Re-expression of WT PKCA/1 but not a PKCA /1 kinase-inactive mutant repressed the
upregulation of the IFN signaling cascade in sgPrkci cells, demonstrating that the kinase
activity of PKCA/v is necessary for its role in the IFN pathway. In keeping with this, an

in vitro kinase assay using ULK2 with active PKCA/x demonstrated that ULK?2 is a direct
substrate of PKCA/v1 (Figure 4B). Interrogation of the ULK2 sequence using Scansite v4.0
(https://lwww.scansite4.mit.edu) identified eight potential aPKC consensus motifs (Figure
4C). S150 was previously reported in the mass spectrometry database PhosphoSitePlus
(https://www.phosphosite.org), it is conserved across species, and is part of the aPKC
consensus phosphorylation sequence (Figure 4D). Mutation of S150 to alanine significantly
reduced ULK2 phosphorylation by PKCA/v, indicating that ULK2’s S150 is indeed a bona
fide site for PKCA/v (Figure 4E). MutPred2 (http://mutpred.mutdb.org/) analysis predicted
that S150D mutation would result in the loss of the catalytic site at K155 (Figure 4F).
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Indeed, ULK2-S150A phosphorylated more efficiently TBK1 than ULK2-WT, while ULK2-
S150D activity was even lower than that of WT ULK2 (Figure 4G). CRISPR/Cas9-mediated
editing of endogenous ULK2’s S150 to alanine in MODE-K cells (ULK25150A cells; Figure
4H) resulted in increased phosphorylation of TBK1, IRF3, and STAT1, and enhanced

ISGs expression (Figures 41-4K). These data indicate that PKCA/+ represses IFN signaling
through the negative regulation of the ULK2 kinase activity by direct phosphorylation of its
S150.

PKCA/v regulates ULK2 levels through a ubiquitin-dependent lysosomal degradation

mechanism

PKCA/v deficiency also resulted in higher amounts of ULK2 protein, but not mRNA

levels (Figures 5A, 5B and S3A-S3D), which indicated that PKCA/x might regulate

ULK?2 stability. Consistently, the expression of ULK2 with different amounts of PKCA/4
resulted in ULK2 degradation in a dose-dependent manner (Figure 5C). ULK2-S150A

was also significantly more stable in cycloheximide-treated cells than WT ULK2 (Figures
5D and 5E). Treatment with the lysosomal inhibitor Bafilomycin Al, but not with the
proteasome inhibitor MG132 or the ER-Golgi trafficking inhibitor Brefeldin (BFA), resulted
in increased ULK?2 levels, suggesting a lysosome-dependent mechanism (Figures 5F and
5G). Knocking down critical regulators of macroautophagy, endosomal-microautophagy,
and chaperone-mediated autophagy (CMA), using specific siRNAs for Afg5, Vps4AB, and
LampZ2-a, respectively, demonstrated that the knockdown of Vps4AB has the same effect
as Bafilomycin Al treatment on ULK2 protein levels (Figures 5F and 5G), suggesting

that ULK2 is degraded primarily through endosomal-microautophagy. The accumulation

of ULK2 in si Vps4AB cells is comparable to that in PKCA/v-deficient cells (Figures

5H and 51). While inhibition of the proteasome has not detectable effect on ULK2

levels (Figures 5F and 5G), however, ubiquitination could direct proteins for lysosomal
degradation (Ciechanover, 2015). In fact, ULK2 ubiquitination was impaired in sgPrkc/and
in ULK2S150A cells (Figures 5J and 5K). Expression of a K63R ubiquitin mutant (that is
unable to create K63-linked ubiquitin chains) impaired ULK2 ubiquitination, whereas a
K48R mutant (unable to create K48-linked chains) did not (Figure 5L), which demonstrated
that ULK2 ubiquitination takes place through K63 conjugation.

To elucidate the mechanism whereby PKCA /1 regulates ULK2 ubiquitination, we
interrogated BiolD interactome (Figures 2G and 5M), which identified NDFIP1 (NEDD4
family interacting protein 1) as a PKCA/v interacting partner (Figure 5M). NDFIP1
functions both as an adaptor and an activator of multiple NEDD4 E3 ubiquitin ligases (Putz
et al., 2008). Since PKCA/v interacts with NDFIP1, PKCA/v could bridge the interaction
between one of the members of the NEDD4 family and ULK2 to promote its ubiquitination
and subsequent lysosomal-mediated degradation. To test this, we first confirmed that
NDFIP1 interacts with PKCA/v in immunoprecipitation assays with ectopically expressed
proteins (Figure 5N). Also, knockdown of NdfipI resulted in increased ULK2 levels,

and increased dsDNA-induced IRF3 and STAT1 phosphorylation (Figures 50 and 5P),
indicating a critical role for NDFIP1 in ULK?2 stability and the IFN pathway. Among

the NEDD4 family members, NEDD4 and NEDDA4L preferentially ubiquitinate substrates
through K63 conjugation (Huang et al., 2019). Therefore, we tested the contribution of
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NEDDAL and NEDD4 to ULK2 stability. Knockdown of Nedd4/, but not of Nedd4, has
the same effect as NafipZ knockdown on ULK?2 protein levels (Figure 5Q), suggesting that
NEDDAL is the ubiquitin ligase involved in the control of ULK2 stability. Consistently,
Nedd4/ downregulation impaired ULK2 ubiquitination (Figure 5R), and NDFIP1 co-
immunoprecipitated with PKCA/v and ULK2 in microautophagy-deficient cells (Figure
5S). MutPred?2 (http://mutpred.mutdb.org/) predicts a gain of ubiquitination at K146 in

the ULK2 S150D mutant (Figure 5T), which is consistent with an impairment in the
ubiquitination of ULK2 in PKCA/v-deficient and ULK25150A cells (Figures 5J and 5K).
K146 is the residue most likely to be ubiquitinated in ULK2, as predicted by the iUbig-Lys
site (http://www.jci-bioinfo.cn/iUbig-Lys). Mutation of K146 to alanine impaired ULK2
ubiquitination and enhanced its stability (Figures 5U-5W). These data demonstrated that
ULK?2 phosphorylation by PKCA/v at S150 serves to promote its K63 ubiquitination at
K146 in an NDFIP1-NEDDA4L dependent manner, which is critical for the control of ULK2
levels and activity, and the ensuing activation of the IFN cascade (Figure 5X).

PKCA/v represses autophagy through an ULK2-dependent mechanism

Consistently with the BiolD2 data linking autophagy and PKCA /1 (Figure 2G and S2D),
sgPrkci cells had higher basal levels of LC3-11 and increased LC3-11 lysosomal degradation,
consistent with enhanced autophagic flux, mainly due to higher rates of autophagosome
biogenesis (difference in LC3-11 levels once lysosomal degradation is already blocked)
both under basal (serum+) and inducible (serum-) conditions (Figures 6A—6C). To examine
efficient autophagosome (APG) maturation into autolysosomes (AUT), we next used a
tandem fluorescent-tagged LC3 reporter (mCherry-GFP-LC3) that allows the identification
of APG (vesicles positive for both fluorophores) and AUT (vesicles positive only for
mCherry since GFP fluorescence is quenched at the acid pH of the lysosome). sgPrkci
MODE-K cells displayed higher overall abundance of APG and AUT both under basal
conditions and in response to nutrient deprivation, thus confirming their overall increase

in autophagic flux through increased APG formation coupled with their efficient clearance
by lysosomes (Figure S4A). Immunoblot analysis of crypts from Prkci!t; Villin-Cre mice
demonstrated higher levels of LC3 and of its lipidated form, LC3-I1 than in Prkcif

mice, which was more apparent upon treatment with Bafilomycin Al to block lysosomal
function or with the mTORC1 inhibitor rapamycin, a bona fide inducer of autophagy
(Figures S4B-4D). Electron microscopy and morphometric analyses of sgPrkci MODE-K
cells confirmed higher abundance of both APG and AUT compared to controls (Figures

6D and 6E). The increase in autophagic compartments was more noticeable under basal
conditions (serum supplemented cells), whereas upon serum removal higher rates of
autophagy in these cells seem to be attained by recruitment of endocytic compartments,

as we observed a significant increase in the amount of amphisomes (AMPH; resulting

from the fusion of autophagosomes with late endosomes) and late/fendosome multivesicular
bodies in sgPrkci cells (Figures 6F and 6G). We next tested whether the upregulation of
ULK2 by PKCA/1 deficiency was required for the enhanced autophagic flux in sgPrkci
cells. Ulk2knockdown reverted the increase in the LC3 flux and APG biogenesis in sgPrkci
cells (Figures 6H-6J). ULK2S150A expression was sufficient to increase autophagy flux
through higher autophagosome biogenesis (Figures 6K—6M), mimicking the enhancement
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of autophagy found in sgPrkci cells (Figures 6A—6C). These data indicate that PKCA/v
represses autophagy through the negative regulation of S150 ULK2 phosphorylation.

We next determined whether autophagy plays any role in the regulation of the IFN cascade
under conditions of PKCA/v1 deficiency. Knockdown of key autophagy regulators such as
ATG5, ATG16L1 or p62, significantly reduced dsDNA-induced IFN pathway, particularly
under conditions of PKCA/1 deficiency (Figures 6N and 60). Inhibiting autophagy rendered
cells with reduced levels of STING and blocks its phosphorylation (Figure 60). Previous
studies showed that STING degradation by chaperone-mediated autophagy contributes to
the downregulation of the IFN pathway (Hu et al., 2016). To elucidate if upregulation of
autophagy upon PKCA/x loss contributes to stabilize STING by preventing its degradation
by CMA, we analyzed the effect of siLamp2A on STING levels in a context of intact or
blocked autophagy. We found that the reduction in STING levels upon autophagy blockade
was rescued by inhibiting CMA, which restored the IFN cascade in autophagy-deficient
MODE-K cells to the levels of sgC cells (Figures 6P and 6Q). These results support

the concept that the increased autophagy in PKCA/v-deficient cells serves to sustain the
activation of the IFN pathway by preventing STING degradation by CMA (Figure 6R).
Consistent with this model, PKCA/x loss resulted in increased STING stability (Figures S4E
and S4F).

PKCA/+-IFN connection in human cancer

To establish the relevance of the increased PKCA/1-IFN link in human CRC, we analyzed
patient RNA-seq data from the TCGA dataset (TCGA-COREAD). We first stratified patients
according to the expression of PRKC/and performed GSEA. Patients with low PRKC/
were significantly enriched in multiple signatures of the IFN activation pathway (Figures
7A and 7B). PRKC/ expression was also found highly correlated with multiple ISGs in
human CRC samples (Figure S5A). Bioinformatics interrogation of single-cell RNAseq
data of twenty-three CRC patients classified based on the expression of PRKC/ revealed
significant enrichment in the IFN response and allograft rejection signatures in the tumor
epithelial cells expressing low levels of PRKC/ (Figures 7C-7E). We also found a negative
correlation between PRKC/ mRNA levels and an autophagy-lysosome signature in the
TCGA-COREAD data set (Figure 7F).

To further support the human relevance of our findings, we performed VECTRA multiplex
imaging to interrogate the correlations, at a single cell level, of PKCA/1 expression with
the IFN response and recruitment of CD8 T cells in a CRC tissue microarray (TMA)

of 147 patients (Figure S5B). We used DAPI as a nuclear marker, cytokeratin to label
epithelial cells, CD8 to identify CD8 T cells, pSTAT1 as a marker for the IFN response,
and PKCA /v (Figure S5C). Validation of our antibody panel and the imaging pipeline are
shown in Figures S5B-S5E. The pipeline analysis included spectral separation of the signal
generated in VECTRA, deconvolution and segmentation of cells using DAPI (Figure S5F)
and generation of single cell data (Figure S5G). To test whether the loss of PKCA/1 in

the tumor epithelium is associated with more IFN response, we categorized epithelial cells
(CK positive cells) based on PKCA/v levels in two groups: PKCA/4 positive and PKCA/v
negative. Next, we quantified the relative proportions of pSTAT1 positive cells in these two
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groups (Figure 7G). Rank-sum Wilcoxon differential expression test found that pSTAT1
was differentially expressed in CK*/PKCA/A" vs. CK*/PKCA/L™ with log fold change of
-0.619 (p < 0.01). This suggested that epithelial cells expressing low levels of PKCA/v
were activating the IFN pathway, as measured by pSTAT1, as compared to high PKCA/L
expressors. Next, we tested whether this activation of the IFN pathway in PKCA/1 low cells
correlated with an increment of CD8" T cells recruitment. VECTRA images were analyzed
for the spatial coordinates of each cell within the tissue. We visualized the frequency of
CDS8™ T cells in the vicinity of epithelial cells (Figure 7H), and computed neighborhood
enrichments. CD8* T cells were more enriched in the neighborhood of PKCA/1!%W regions
than of PKCA/LM9N regions (p<0.01, Wilcoxon signed rank test) (Figure 71). These data
demonstrate in human CRC that the loss of PKCA/x in the CRC epithelium activates the IFN
response that results in an increased recruitment of CD8* T cells.

We next investigated whether low amounts of PRKC/ correlates with clinical outcome in
CRC by stratifying patients of the TCGA-COREAD cohort by levels of PRKC/. CRC
patients with low levels of PRKC/ had a better prognosis than those with high levels

of PRKCI (Figure 7J). Given that the loss of PRKCZhas been shown to impair the
immune surveillance mechanisms activated by the loss of PRKC/ (Nakanishi et al., 2018),
we stratified further this CRC cohort considering the levels of PRKCZ. This analysis
demonstrated that among patients with high PRKCZ levels, those with low PRKC/ showed
better disease-free survival than those with high PRKC/ (Figure 7K). Classification of
patients based on their expression score of the IFN response predicts better outcome for
patients expressing high levels of IFN (Figure 7L).

Intestinal chronic inflammatory diseases are associated with an elevated risk of CRC.
Therefore, we investigated the link between PKCA/v and the IFN cascade in the context

of inflammatory bowel diseases (IBD). We found a negative correlation between PRKC/
expression and IFN gene expression signatures (Figure S5H). IBD patients that do not
respond to anti-TNF treatment showed enrichment in IFN activation signatures (Samie et al.,
2018) (Figures S51 and S5J), and a concomitant reduction of PRKC/ expression as compared
to responder patients (Figures S5K and S5L). These results demonstrate that PRKC/ is
downregulated in IBD patients, which correlated with a poor response to standard-of-care
therapy. We also found that PRKC/ expression correlated negatively with the autophagy-
lysosome signature in IBD (Figure S5M). These results support the human relevance of our
findings establishing that PKCA/1’s role in the intestinal epithelium is to repress both IFN
signaling and autophagy, which is critical in the control of CRC development and intestinal
inflammation.

DISCUSSION

Numerous studies support the notion that increased immunosurveillance has the power to
blunt cancer initiation and to repress the development and progression of already established
tumors. It is well known that cytotoxic T cells are central to a successful anti-tumor immune
response, for which IFN signaling is a key event (Barber et al., 2006; Benci et al., 2016; Gao
et al., 2016). Defects in the IFN pathway in tumors correlate with resistance to ICB (Gao
et al., 2016; Zaretsky et al., 2016), which highlights the significance and potential impact
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of therapeutic strategies aimed at augmenting the IFN cascade in cancer cells and the tumor
microenvironment. Therefore, understanding the mechanisms of IFN activation is key for the
design of new ways to boost anti-cancer immune responses. Here we show evidence that
PKCA/, through its ability to regulate the IFN pathway, is a critical event in the activation
of cancer immunosurveillance and that it could be a therapeutic target in immunotherapy.

The role of PKCA/v in cancer is dual (Reina-Campos et al., 2019a). Initial studies

showed that its genetic ablation prevents tumor initiation in mouse models driven by
potent oncogenes, which led to propose that PKCA/v is an important venue for the
pro-tumorigenic signals of particular oncogenes such K-Ras or BCR-ABL in lung cancer
and chronic myeloid leukemia mouse models, respectively (Reina-Campos et al., 2019a).
In marked contrast, Prkciinactivation in prostate-specific PTEN KO mice enhanced the
tumorigenic potential of PTEN-deficiency, driving the benign phenotype of PTEN null
prostate cancer cell towards aggressive adenocarcinomas with neuroendocrine features
(Reina-Campos et al., 2019b). Likewise, the selective genetic inactivation of Prkciin
hepatocytes enhanced tumorigenesis through a mechanism that involved the activation

of oxidative phosphorylation, autophagy and the upregulation of the pro-oncogenic
transcription factor NRF2 (Kudo et al., 2020; Moscat and Diaz-Meco, 2020). The effects
of PKCA/v-deficiency in hepatocytes were both cell-autonomous and cell non-autonomous
(Kudo et al., 2020). The cell non-autonomous actions of PKCA/x loss are particularly
important also in intestinal cancer in which, despite a potent carcinogenic effect of PKCA/v
deficiency, the simultaneous activation of a powerful immunological cytotoxic response
prevents tumor initiation (Nakanishi et al., 2018) and shrinks already established intestinal
tumors (this paper). Therefore, the unanticipated role of PKCA/1 as a negative regulator of
the IFN pathway could be exploited therapeutically as an anti-cancer mechanism because
the stimulation of a potent IFN-CD8* response upon PKCA/1 deficiency overrides cell
autonomous protumorigenic signals, ultimately resulting in tumor ablation.

Our previous data showed that PKCA/x represses autophagy by direct phosphorylation of
LC3’s S12 in hepatocytes (Kudo et al., 2020; Moscat and Diaz-Meco, 2020). Here we
demonstrate that the phosphorylation of ULK2’s S150 also contributes to the inhibition of
autophagy by PKCA/v. Therefore, PKCA/x controls autophagy through LC3 and ULK2.
Consequently, the inactivation of PKCA/v renders IECs with enhanced autophagy and IFN
signaling both controlled apically by ULK2. This regulation of autophagy by PKCA/v is
important for the adequate homeostatic balance of the IFN pathway to stabilize STING
by preventing its degradation by CMA (Mlecnik et al., 2016), boosting IFN activation in
a feed forward mechanism. In this way, PKCA/v inactivation not only directly triggers an
augmented IFN cascade at the level of TBK1, but also stabilizes STING to ensure that
cells have the adequate levels of this important signaling adaptor for the activation of the
TBK1-driven cascade.

Collectively, these findings establish PKCA/v as a central node linking endosomal-
microautophagy (required for the degradation of ULK2) and macroautophagy (to control
STING levels through modulation of its degradation by CMA). These observations have to
be considered in the context of previously published and recent data on the immunological
role of autophagy, that seems to be context-specific and, in at least some paradigmatic
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examples, even involve cell non-autonomous mechanisms still to be fully clarified but that
implicate immunotolerance induced by the liver (Bezu et al., 2015; Poillet-Perez et al.,
2020; Zhong et al., 2016). However, considering autophagy at the cancer cell-autonomous
level, initial studies suggested that it was required for anti-cancer therapies that involved the
activation of immunogenic cell death (Bezu et al., 2015; Zhong et al., 2016). In this scenario,
inhibiting autophagy would impair chemotherapy (Galluzzi et al., 2017). However, new
data suggest that the effect of reducing autophagy in other types of therapy, like radiation,
would be the opposite (Yamazaki et al., 2020). Under these conditions, autophagy prevents
the accumulation of mitochondrial DNA triggered in response to radiation, which serves to
activate the IFN pathway through the cGAS-STING cascade (Yamazaki et al., 2020). In this
setting, inhibiting autophagy would boost the IFN response by promoting the accumulation
of mitochondrial DNA, which would make radiotherapy more efficient by increasing the
immunogenicity of the treated tumor (Yamazaki et al., 2020). Also, autophagy has recently
been shown to induce the degradation of MHC-I proteins, at least in pancreatic cancer
(YYamamoto et al., 2020), suggesting that inhibiting autophagy prevents immunoevasion and
could be a good therapeutic strategy to increase the efficacy of immunotherapy. In the

case of PKCA/v inhibition, it could be argued that because autophagy is activated, that
would promote immunoevasion by decreasing MHC-I protein levels. However, the fact

that tumor initiation and progression are blunted by the PKCA/1 blockade, suggests that

the activation of IFN and the induced infiltration of CD8" T cells is what determines the
final outcome of the process in which, in this paradigm, autophagy hyperactivation boosts
immunosurveillance. All these observations are of great significance in human disease, since
there is a clear negative correlation between PKCA/v levels and several signatures of IFN
activation and autophagy in patient samples.

Limitations of the Study

Our study establishes a paradigm whereby the loss of PKCA/v in the intestinal epithelium
upregulates the IFN cascade to promote an anti-tumorigenic response orchestrated by

the recruitment of CD8* T cells. Bioinformatics interrogation of human datasets, and

the analysis of TMAs of CRC patients using multiplex immunofluorescence imaging at

a single-cell level demonstrate the human relevance of these findings. The mechanism
shown here demonstrate the activation and upregulation of ULK2, but not of ULKZ1, by
PKCA/ deficiency in several cell systems. In vitro treatment with the ULK1/2 inhibitor
SBI1-0202965 rescues the enhanced activation of the IFN cascade in PKCA/v-deficient cells,
although it does not fully abolish it, suggesting that either the conditions used with this
inhibitor do not totally block ULK2 activity or there could be other ULK2-independent
mechanisms contributing to the observed IFN phenotype upon PKCA/v loss. Our in

vivo studies using this selective ULK1/2 inhibitor demonstrate that the pharmacological
inhibition of ULK activity in vivo blocks the activation of the immunosurveillance
mechanisms triggered by PKCA/1 deficiency in the intestinal epithelium. Although all

our in vitro and cell-based studies clearly demonstrate the selective role of PKCA/v on

the regulation of ULK2 but not ULKZ1, the fact that the inhibitor used in this in vivo
experiment does not distinguishes between both ULK isoforms would require in future
studies experiments using mice genetically modified to ablate selectively either ULK genes.
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STARXMETHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents
should be directed to and will be fulfilled by the Lead Contact, Jorge Moscat
(jom4010@med.cornell.edu).

Materials Availability—Cell and mouse lines generated in this study are available from
the Lead Contact upon request with a completed Materials Transfer Agreement.

Data and code Availability

. 3" RNA-seq and ATAC-seq data have been deposited at GEO and are publicly
available as of the date of publication. Accession numbers are listed in the
key resources table. Original raw data have been deposited at Mendeley and
are publicly available as of the date of publication. The DOI is listed in the
key resources table. This paper analyzes existing, publicly available data. These
accession numbers for the datasets are listed in the key resources table.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—Animal handling and experimental procedures conformed to institutional guidelines
and were approved by the Sanford-Burnham-Prebys Medical Discovery Institute
Institutional Animal Care and Use Committee, and by the Weill Cornell Medicine
Institutional Animal Care and Use Committee. Prkc/’ (Leitges et al., 2001; Nakanishi et
al., 2016), Villin-Cre (Madison et al., 2002), and Villin- CreERT2 (el Marjou et al., 2004)
mice were previously described. Prkcit; Villin-Cre and Prkci’®; Villin-CreERT2 mice were
generated by breeding Prkci’f mice with Vi/lin-Cre mice (Jackson Laboratory, stock number
012641) or Villin-CreERT2 (Jackson Laboratory, stock number 020282) mice respectively.
All mouse strains were generated in a C57BL/6 background and were born and maintained
under pathogen-free conditions. All mice were maintained on food and water ad libitum
and were age-matched and co-housed for all experiments. Mice were sacrificed and small
intestine, colon or other organs were collected for analysis. All genotyping was done by
PCR. Age- and sex-matched mice were used for all experiments.

Human Samples—For CRC samples, a total of 147 CRC patients (male, n = 77, average
age at diagnosis = 64, age range 29-85; female, n = 70, average age at diagnosis = 66, age
range 26-90) who had undergone a resection of the primary tumor at Osaka City University
Hospital were analyzed. CRC tissues were obtained from each patient and none of the
patients had undergone preoperative radiation or chemotherapy. This study was approved
by the Osaka City University Ethics Committee and written informed consent was obtained
from patients. De-identified human samples were sent to Weill Cornell Medicine and used
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for histological analyses. The study was approved by the IRB Committee of Weill Cornell
Medicine.

Cell Lines—HEK?293T and Phoenix-GP (sex: female) cell lines were purchased from
ATCC. MC38 cell line (sex: female) was purchased from Kerafast. MODE-K cell line

(sex: female) was kindly provided by Prof. Blumberg (Harvard Medical School, Boston,
USA). Mouse tumor organoids (MTOs) were obtained from Dr. Eduard Batlle (Institute

for Research in Biomedicine, Barcelona, Spain) and previously described (Tauriello et al.,
2018). HEK?293T, Phoenix GP, MODE-K and MC38 cells were cultured in Dulbecco’s
Modified Eagles Medium (DMEM, Corning) supplemented with 10% fetal bovine serum
(FBS), 2 mM glutamine in an atmosphere of 95% air and 5% CO,. MTOs were

cultured in advanced DMEM/F12 medium supplemented with 10 mM HEPES, Glutamax,
B-27 (all Life Technologies), 50 ng/ml recombinant human EGF (Peprotech). Normal
intestinal organoids were cultured in Advanced DMEM/F12 containing 10 mM HEPES, 1X
Glutamax, 1X N2 supplement, 1X B27 supplement, 50 ng/ml EGF, 1000 ng/ml R-spondin 1,
100 ng/ml Noggin, and 10 uM Y-2763 in an atmosphere of 95% air and 5% CO,_ Cultures
were tested monthly for mycoplasma contamination.

METHOD DETAILS

Tamoxifen deletion—For induction of Villin-CreERT2-mediated recombination, mice
received one dose of 6 mg of tamoxifen in corn oil by oral gavage and were analyzed 1 week
later.

Colitis-Associated Tumorigenesis—For AOM/DSS-induced inflammatory
tumorigenesis, 8-10 weeks-old male mice received one intraperitoneal injection of 10 mg/kg
AOM (Sigma-Aldrich, St. Louis, MO, USA) in sterile PBS. After 5 days, 2.5% DSS will be
given in the drinking water for 5 days, followed by 14 days of regular drinking water. The
DSS treatment will be repeated for two additional cycles. Seven days after the third DSS
treatment, we perform intraperitoneal injection of 80 mg/kg of tamoxifen 8, 10, 14, 17, 20,
24 and 27 days after the third DSS treatment. Tumor progression after tamoxifen treatment
was monitored with colonoscopy and mice were sacrificed four weeks after AOM/DSS
treatment. Tumor load was calculated by multiplying tumor number and tumor diameter and
were analyzed histologically. All mice were maintained on food and water ad libitum and
were age-matched and co-housed for all experiments.

Xenograft Experiments—For mouse xenografts, sgPrkciand sgC MC38 cells were
trypsinized, washed two times in cold PBS, resuspended in DMEM, aliquoted to 3 x 106
cells per dose in a 150 pl volume and injected subcutaneously into both flanks of WT

mice. Tumors were allowed to grow for three weeks. Mice were euthanized three weeks
after injection and tumors were analyzed histologically. For xenografts using mouse tumor
organoids (MTOs), a 150 pl cell suspension of equivalent to 1 x 108 cells of sgPrkci or

sgC MTOs admixed with 30% Matrigel (Corning) was directly injected subcutaneously into
both flanks of WT mice. Mice were euthanized five weeks after injection and tumors were
analyzed histologically.
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Flow cytometry analysis—Flow cytometry experiments were performed using fresh
small intestinal tissue from 16 weeks-old Villin-CreERT2 1 week after tamoxifen treatment.
Briefly, small intestines were rinsed in cold PBS, minced into small pieces, incubated in
HBSS with EDTA (30 mM) and HEPES (10 mM), and digested with collagenase (25
mg/ml) and dispase 11 (25 mg/ml) for 30 min at 37°C, followed by a discontinuous Percoll
separation method (40 and 80%) to purify immune cells. The cells concentrated at the
interface were collected and washed in cold PBS. Live cells were counted using Trypan
blue and then saturated with mouse Fc Block (purified anti-mouse CD16/CD32; 1:50; clone
2.4G2; BD PharMingen) 30 min at 4°C before incubating with specific dyed antibodies:
CD45 as a marker for immune cells, BTCR as a T cell maker, NK1.1 to lable NK cells,
CD8 and CD4 markers. Flow cytometry experiments were performed on a BD Symphony
29-colors analyzer at the Weill Cornell Medicine Shared Flow Cytometry Core Facility and
data were analyzed using FlowJo software (Tree Star Inc.).

Pharmacological Inhibition of ULK1/2 in vivo—To analyze the effect of the

ULKZ1/2 (SBI-0202965) inhibitor in vivo, Prkci’f and Prkci®; Villin-Cre mice were injected
intraperitoneally with 25 mg/kg (mouse bodyweight) of SBI-0202965 or saline twice a
week for four weeks before sacrifice. Mice were euthanized and tumors were analyzed
histologically.

Cell Culture Experiments—sgPrcki HEK293T, MC38 and MODE-K cells were
described previously (Nakanishi et al., 2018; Nakanishi et al., 2016). To knock out Prkci
in mouse tumor organoids (MTOs), single-guide RNA sequences targeting Prkciexonl
were purchased from Synthego and transduced into MTOs with recombinant Streptococcus
pyogenes Cas9 protein (Truecut Cas9 Protein v2, Thermo), using the Neon Transfection
System 1 (Invitrogen) following the manufacturer’s protocol and single clones were
expanded and screened by protein immunoblotting. To perform U/k2editing in MODE-

K cells, single-guide RNA sequences targeting the mouse U/k2 gene (Synthego) was
transduced into cells with a Cas9 protein and a single-stranded donor oligonucleotide
(ssODN, IDT) using Neon Electroporation System. Single clones were expanded and
screened for Ulk2 editing by Sanger sequencing. Knockdown of p62, thk1, Atg5, Atg16l1,
Vpsd, Lamp2-a, Nedd4l, Nedd4, Ndfip1, Ulk1 and Ulk2 genes in MODE-K cells were
achieved by siRNA transfection using Lipofectamine RNAIMAX Transfection Reagent
(Invitrogen). Transient overexpression was achieved by transfection using X-tremeGENE
HP transfection reagent (Roche). Transfected cells were examined 48 h after transfection.
Establishing stably FLAG-tagged PKCA/A (WT or K274W mutant) expressing MODE-

K cells and BiolD2-tagged PKCA/v (Kudo et al., 2020) expressing HEK293T cells

was achieved by retrovirus-mediated transduction. Retroviruses were prepared and used

as previously described (Linares et al., 2015). Briefly, retroviruses were produced in
Phoenix-GP cells using X-tremeGENE HP transfection reagent (Roche). Virus-containing
supernatants were collected 48, 72 and 96 h after transfection, filtered to eliminate cells,
and supplemented with 8 pug/ml polybrene. Cells were infected with three rounds of viral
supernatants and selected with puromycin (3 pg/ml). For dsSDNA and cGAMP stimulation,
MODE-K, MC38 or HEK?293 cells were transfected with 0.5 pg/ml of dsDNA (IDT) or 10
ug/ml of 2°3’-cGAMP (InvivoGen) or mock using Lipofectamine 2000 (Invitrogen) for the
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indicated time. For autophagy inhibition, MODE-K cells were treated for 12 h with 100
nM bafilomycin Al or vehicle (DMSOQ). For proteasome inhibition, MODE-K cells were
treated for 12 h with 20 uM with MG132 or vehicle (DMSO). For inhibition of the protein
trafficking between endoplasmic reticulum (ER) and the Golgi, cells were treated for 12h
with 10 uM of Brefeldin or vehicle (DMSO). For the deletion of Prkciin normal organoids,
500 nM 4-OH-tamoxifen was added the second day after organoids were passaged.

Histological Analysis—Tissues from indicated mice were isolated, rinsed in ice-cold
PBS, fixed in 10% neutral buffered formalin overnight at 4°C, dehydrated, and embedded
in paraffin. Sections (5 pm) were stained with hematoxylin and eosin (H&E). For
immunohistochemistry, sections were deparaffinized, rehydrated, and then treated for
antigen retrieval. After blocking in Protein Block Serum-Free solutions (DAKO), tissues
were incubated with primary antibody overnight at 4°C followed by incubation with
biotinylated secondary antibody. Endogenous peroxidase was quenched in 3% H202

in water for 10 min at room temperature. Antibodies were visualized with avidin-

biotin complex (Vectastain Elite; Vector Laboratories) using diaminobenzidine as the
chromogen. Stained sections were analyzed with a Zeiss light microscope supplemented
with Axiovision40 software.

BiolD2-Based Screening—HEK?293T cells stably expressing myc-BiolD2 or myc-
BiolD2-PKCA /v were incubated for 8 h in the presence of 50 uM biotin and stimulated
with 0.5 pg/ml of dsDNA (IDT) or mock for the last 6 h. Cells were then washed three
times with PBS, pelleted and kept at —20°C. Cell pellets were lysed via sonication in 8M
urea, 50 MM ammonium bicarbonate, and extracted proteins were centrifuged at 14,000 x

g to remove cellular debris and quantified by BCA assay (Thermo Scientific) according to
the manufacturer’s specifications. A total of 700 pg of protein extract from each sample was
used for affinity purification of biotinylated proteins. First, cysteine disulfide bonds were
reduced with 5 mM tris(2-carboxyethyl)phosphine (TCEP) at 30°C for 60 min followed

by cysteine alkylation with 15 mM iodoacetamide (IAA) in the dark at room temperature
for 30 min. Affinity purification was carried out in a Bravo AssayMap platform (Agilent)
using AssayMap streptavidin cartridges (Agilent). Briefly, cartridges were first primed with
50 mM ammonium bicarbonate, and then proteins were slowly loaded onto the streptavidin
cartridge. Background contamination was removed by extensively washing the cartridges
with 8 M urea, 50 mM ammonium bicarbonate. Finally, cartridges were washed with

Rapid digestion buffer (Promega, Rapid digestion buffer kit) and proteins were subjected

to on-cartridge digestion with mass spec grade Trypsin/Lys-C Rapid digestion enzyme
(Promega) at 70 °C for 2 h. Digested peptides were then desalted in the Bravo platform using
AssayMap C18 cartridges and the organic solvent was removed in a SpeedVac concentrator
prior to LC-MS/MS analysis. Digested samples were analyzed on a Thermo Fisher Orbitrap
Lumos mass spectrometer equipped with an Easy nLC 1200 ultra-high pressure liquid
chromatography system. Samples were injected on an in-house packed C18 reverse phase
column (25 cm x 75 um packed with 1.7 pm, 130 A pore size Bridged Ethylene Hybrid
particles (Waters)). Peptides were separated by an organic gradient from 5% to 30% ACN
in 0.1% formic acid over 130 minutes at a flow rate of 300 nL/min. The MS continuously
acquired spectra in a data-dependent manner throughout the gradient, acquiring a full scan
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in the Orbitrap (at 120,000 resolution with an AGC target of 1e6 and a maximum injection
time of 100 ms) followed by as many MS/MS scans as could be acquired on the most
abundant ions in 3 s in the Orbitrap (at 15,000 resolution, HCD collision energy of 30%,
AGC target of 1e5, a maximum injection time of 22 ms, and an isolation width of 1.3

m/z). Singly and unassigned charge states were rejected. Dynamic exclusion was enabled
with a repeat count of 1, an exclusion duration of 20 s, and an exclusion mass width

of £ 10 ppm. Raw mass spectrometry data were processed using the MaxQuant software
package and Andromeda search engine (version 1.5.5.1). Peptides were generated from a
tryptic digestion of up to two missed cleavages and were searched against the Uniprot
human protein database (downloaded on August 13, 2015). Variable modifications were
allowed for N-terminal protein acetylation, methionine oxidation, and lysine acetylation. A
static modification was indicated for carbamidomethyl cysteine. All other settings were left
using MaxQuant default settings. Peptide and protein identifications were filtered to a 1%
false discovery rate (FDR). Statistical analysis was performed using the MSstats software
package.

Autophagy and LC3 flux Analysis—Macroautophagy activity in intact cells was
measured upon transduction with lentivirus carrying the mCherry-GFP-LC3 tandem
construct (Kimura et al., 2008). Cells were plated on coverslips or glass-bottom 96-well
plates and fluorescence recorded from both channels. Puncta positive for both fluorophores
correspond to autophagosomes whereas those only positive for the red fluorophore
correspond to autolysosomes. Autophagic flux was determined as the conversion of
autophagosomes (yellow) to autolysosomes (red puncta). Autophagy reporters were
analyzed using high-content microscopy as follows: Cells plated in glass-bottom 96-well
plates were treated for the indicated times and following fixation, images were acquired
using a high-content microscope (Operetta, Perkin Elmer). Images of 9 different fields per
well were captured resulting in an average of 2,500-3,000 cells. Nuclei and puncta were
identified using the manufacturer’s software. The number of particles/puncta per cell was
quantified using the “particle identifier” function in the cytosolic region after thresholding in
non-saturated images (Kaushik and Cuervo., 2009). In all cases, focal plane thickness was
set at 0.17um and sections with maximal nuclear diameter were selected for quantification.
Values are presented as number of puncta per cell section, which represented 10-20%

of the total puncta per cell. For LC3 flux analysis MODE-K cells were treated with
lysosomal inhibitors (PI) (20 mM NH4CI and 200 uM leupeptin) for 0, 2 and 4 h. After the
incubation, cells were lysed and subjected to immunoblotting analyses. Amount of LC3-1I
was normalized to that of actin. Net LC3 flux and autophagosome formation as LC3llp, -
LC3llgp and LC3Illyp, - LC3I15p, respectively.

Transmission electron microscopy and Morphometric analysis—MODE-K cells
were fixed in glutaraldehyde. After embedding in Epon Araldite, sections were cut and
examined using a Philips CM-100 Transmission Electron Microscope. Morphometric
classification of autophagic vacuoles was done following the standard criteria (Singh et

al., 2009) as follows: autophagosomes were distinguished as double membrane vesicles
with content of similar density as the surrounding cytosol and comprised often of
recognizable cellular structures; autophagolysosomes were identified as single or partially
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double membrane vesicles of content of lower density than the surrounding cytosol and
comprised of amorphous content or partially degraded cellular structures. In both cases, the
limiting membrane had to be denuded of ribosomal particles. Multivesicular bodies were
identified by the presence of luminal vesicles homogenous in size (<100nm). Amphisomes,
corresponding to the fusion of autophagosomes with late endosomes/multivesicular bodies
were identified by their single or partially double membrane, cytosolic cargo and presence
of multivesicles of homogeneous size in the lumen. Morphometric analysis of autophagic
compartments was done by double-blinded independent observers using a single-category
allocation or each vesicle in at least 20 different micrographs per condition.

Immunoblotting Analysis—Cells for protein analysis were lysed in RIPA buffer (20 mM
Tris-HCI, 37 mM NaCl2, 2 mM EDTA, 1% Triton-X, 10% glycerol, 0.1% SDS, and 0.5%
sodium deoxycholate) with phosphatase and protease inhibitors. For immunoprecipitations,
cells were lysed in IP lysis buffer (100 mM NaCl, 25 mM Tris, 1% Triton-X, 10% glycerol,
with phosphatase and protease inhibitors) and immunoprecipitated with 25 pl of 50% slurry
of protein Glutathione-Sepharose 4B beads (Bioworld). Immunoprecipitates were washed
three times with lysis buffer, once with high salt (500 mM NacCl), and once more with

lysis buffer. Protein concentration in lysates was determined by using Protein Assay Kit
(Bio-Rad). Cell extracts and immunoprecipitated proteins were denatured, subjected to
SDS-PAGE, transferred to PVDF membranes (GE Healthcare). After blocking with 5%
nonfat dry milk in Tris-buffered saline and 0.1% Tween (TBS-T), the membranes were
incubated with the specific antibodies (as listed in Key Resources Table) overnight at 4°C.
After 2 h incubation with the appropriate horseradish peroxidase-conjugated antibodies,

the immune complexes were detected by chemiluminescence (Thermo Scientific) or Near-
infrared fluorescence (LI-COR).

In Vitro Phosphorylation—Fifteen pg of FLAG-tagged human ULK2 (FLAG-ULK2)

or HA-tagged human TBK1 plasmid was transfected to ~80% confluent HEK293T cells

in a P100 format. The amount of ULK2 mutants transfected were corrected to equal

levels in the expression. Cells were lysed in RIPA buffer 48 h after transfection and HA-
EZH2 was immunoprecipitated using anti-HA beads (Sigma) or anti-FLAG beads (Sigma).
Immunoprecipitates were washed and incubated at 30°C for 60 min in kinase-assay buffer
containing 25 mM Tris-HCI (pH 7.5), 5 mM MgCI2, 0.5 mM EGTA, 1 mM DTT, and 400
UM ATP-yS (Biolog) or 200 uM ATP in the presence of recombinant PKCA/v (Invitrogen)
or recombinant ULK2 (Sigma). Detection of substrate phosphorylation was performed using
the ATP analog-based phosphorylation detection used previously (Allen et al., 2007) with
minor modifications. Briefly, after the phosphorylation reaction, PNBM (Abcam) and EDTA
were added to a final concentration of 2.5 mM and 20 mM, respectively, and incubated for

1 h at room temperature. Immunoblotting detection was performed with anti-thiophosphate
ester antibody (Abcam) or anti-phosphorylated TBK1 (Cell Signaling).

VECTRA Staining—Primary antibody dilutions were optimized individually at H220
retrieval using the Leica BondRx Automated IHC stainer and evaluated by a board-certified
pathologist for specificity. Multiplexed staining was optimized then performed using the
Automated Opal 7-Color IHC Kit (NEL821001KT) from Akoya Biosciences. A library for
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spectral separation was generated by staining control tissue with each opal fluor conjugated
to CD20. Slides were imaged in the Vectra Polaris Automated Quantitative Pathology
Multispectral Imaging System. Exposure times were maximized under the constraint that no
pixel saturate the detector (Patel and Rodig, 2020; Patel et al., 2019).

Computational Analysis of VECTRA Images—AIl TMA cores were processed

by linear spectral unmixing and deconvolved (Parra et al., 2017). Regions for

visualization were manually selected and appropriately preprocessed for display

using the open-source Fiji distribution of ImageJ (Schindelin et al., 2012).

Cells were segmented using the pretrained Mesmer deep learning model based

on the ResNet50 architecture and panoptic feature pyramid(https://www.biorxiv.org/
content/10.1101/2021.03.01.431313v1.full.pdf, https://www.cvfoundation.org/openaccess/
content_cvpr_2016/papers/He_Deep_Residual_Learning CVPR_2016_paper.pdf). All
fluorescent channels were then quantified using the segmentation mask to generate a counts
matrix representing the average expression of each marker in each cell (van der Walt et

al., 2014). DAPI negative cells were filtered as artifacts. A 15-nearest-neighbor graph was
generated from the counts matrix using Euclidean metric as implemented in the Scanpy
python package (Wolf et al., 2018), and clustered using the Leiden algorithm (Traag et al.,
2019) to identify putative subpopulations of cells and identify low-quality cells. Cells were
projected to two dimensions and visualized using the Uniform Manifold Approximation and
Projection algorithm (UMAP) (https://arxiv.org/abs/1802.03426). Cells were phenotyped by
thresholding markers for positive or negative signal with pathologist assistance. Differential
expression analysis was implemented by Wilcoxon test. Spatial enrichment was computed
by permutation test, and differential spatial enrichment was tested by rank-sum Wilcoxon
test.

RNA extraction and analysis—Total RNA from mouse tissues, cells and cultured
organoids was extracted using the TRIZOL reagent (Invitrogen) and the RNeasy Mini

Kit (QIAGEN), followed by DNase treatment. After quantification using a Nanodrop

1000 spectrophotometer (Thermo Scientific), RNA was either processed for RNA-seq or
reverse-transcribed using random primers and MultiScribe Reverse Transcriptase (Applied
Biosystems). Gene expression was analyzed by amplifying 20 ng of the complementary
DNA using the CFX96 Real Time PCR Detection System with SYBR Green Master Mix
(BioRad) and primers described in Table S1. The amplification parameters were set at 95°C
for 30 s, 58°C for 30 s, and 72°C for 30 s (40 cycles total). Gene expression values for each
sample were normalized to the 18s RNA.

3’ RNA-seq Preparation and Sequencing—Total RNA from MTOs was extracted
using Quick-RNA MiniPrep kit (Zymo Research). Libraries were prepared from 200 ng
of total RNA using the QuantSeq 3° mRNA-Seq Library Prep Kit FWD for Illumina

from Lexogen, and optional UMIs (Vienna, Austria). Barcoded libraries were pooled, and
single end sequenced (1X75) on the lllumina NextSeq 500 using the High output V2.5 kit
(1lumina Inc., San Diego CA).
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ATAC-Seq Library Preparation and Sequencing—The cell pellet was resuspended
in 50 pl lysis buffer and then spun down 500 x g for 10 min at 4°C. The nuclei pellet

was resuspended into 50 pl transposition reaction mixture containing Tn5 transposase from
Nextera DNA Library Prep Kit (Illumina) and incubated at 37°C for 30 min. Then the
transposase-associated DNA was purified using MinElute PCR purification kit (QIAGEN).
To amplify the library, the DNA was first amplified for 5 cycles using indexing primer

from Nextera kit and NEBNext High-Fidelity 2X PCR master mix. To reduce the PCR
amplification bias, 5 pl of amplified DNA after the first 5 cycles was used to do gPCR of 20
cycles to decide the number of cycles for the second round of PCR. Usually, the maximum
cycle of the second round of PCR is 5 cycles. Then the total amplified DNA was size
selected to fragments less than 800 bp using SPRI beads. Quantification of the ATAC-seq
library was done with QuBit. The size of the pooled library was examined by TapeStation.
Barcoded ATAC-seq libraries were pooled and paired end sequenced (sX75) on the lllumina
NextSeq 500 using the High output V2.5 kit (Illumina Inc., San Diego, CA)

Bioinformatics Analysis—For RNA-Seq, sequencing Fastq files were uploaded

to BaseSpace and processed with RNA-Seq Alignment App (I1lumina) to obtain

raw reads counts for each gene. For 3’RNA-Seq, read data was processed with

the BlueBee Genomics Platform (BlueBee, San Mateo, CA). GenePattern (https://
genepattern.broadinstitute.org/gp/pages/index.jsf) was used to collapse gene matrix files
(CollapseDataset module) or to assess the statistical significance of differential gene
expression (ComparativeMarkerSelection module for microarray data and DESeq2 module
for RNA-seq data). Heat-map representation of gene expression was generated using
Morpheus (https://software.broadinstitute.org/morpheus/). Gene Set Enrichment Analysis
(GSEA) was performed using GSEA v4.1.0 software (http://www.broadinstitute.org/gsea/
index.jsp) with 1000 gene-set permutations using the gene-ranking metric T-test with the
MSigDb collections for customized signatures. In order to explore autophagy associated
genes signature, we customized “Autophagy-lysosome signature” as described (Perera et al.,
2015). PageRank analysis combining ATAC-Seq and RNA-Seq was performed with Taiji
v1.1.0 (Zhang et al., 2019).

Bioinformatics Analysis of clinical data—Raw gene expression data from
inflammatory bowel disease (IBD) samples datasets (GSE36807, GSE59071, GSE10616,
GSE10714, GSE48959, GSE9452, GSE16879, and GSE23597) were directly accessed
through the GEO (https://www.ncbi.nlm.nih.gov/geo/). Data for TCGA-COREAD was
accessed through cBioportal (http://www.chioportal.org/index.do). Gene matrix files were
modified to comply with .gct file format and used as input file for Gene Set Enrichment
Analysis (GSEA). GSEA was performed using GSEA v4.1.0 module on GenePattern
(https://cloud.genepattern.org/, Broad Institute) with 1,000 gene-set permutations using the
gene ranking metric tTest or with MSigDb collections or customized genesets. TCGA
patients (n=383) were classified in PRKCHYN or PRKCHOW based on PRKC/ expression
using z-score. For survival analysis, the cut-off values were evaluated based on the
association between patient survival and gene expression using the Survminer R package.
Interferon score was calculated using the 82-gene Hallmark_Interferon_Alpha_response
signature (MSigDb) and the gene set variation analysis (GSVA) algorithm. Single-cell
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RNA-seq data of CRC patients were obtained from GSE132465. Filtered count matrix
were imported to R to further analysis using the Seurat package (Stuart et al., 2019).
Dimensionality reduction was performed by principal component analysis and UMAP
embedding with 30 principal components and resolution 0.5. Clusters were then annotated
based on original deposited metadata. PRKC/ expression in tumor epithelial cells were
obtained using the “AverageExpression” function in Seurat. Patients were then classified
in PRKCHI9N or PRKCIOW as above. Expression scores of the selected signatures were
calculated for each individual cell using the “AddModuleScore” Seurat function.

Quantification and Statistical Analysis—All the statistical tests were justified for
every figure. All samples represent biological replicates. Data are presented as the mean +
SEM. Statistical analysis was performed using GraphPad Prism 8 or R software environment
(http://www.r-project.org/). Significant differences between groups were determined using a
Student’s t-test (two-tailed) when the data met the normal distribution tested by D’Agostino
test. If the data did not meet this test, a Mann-Whitney U-test was used. Differences
between more than 3 groups were determined using one-way ANOVA test (parametric) or
Brown-Forsythe and Welch ANOVA tests (nonparametric) followed by Dunnett post hoc
test. If the data did not meet this test, a Mann-Whitney test was used. Differences in Kaplan
Meier plots were analyzed by Gehan-Breslow-Wilcoxon test. The chi-square test or Fisher’s
exact test was used to determine the significance of differences between covariates. Logistic
regression analysis was employed to estimate univariate and multivariate odds ratio and 95%
confidence interval (Cl). Values of p < 0.05 were considered as significantly different.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PKCA/1 deficiency results in the upregulation of the IFN pathway in intestinal
epithelial cells
(A) GSEA of transcriptomic data from RNA-seq on Prkcif'; Villin-Cre versus Prkci/f 1IECs

using compilation C5 and C2 (MSigDB).

(B) Scatterplot of mMRNA expression and PageRank Zscore for transcription factor genes
upregulated in Prkci™®; Villin-Cre 1ECS.

(C) Schematic representation for tamoxifen treatment in organoids from Prkci®; Villin-
CreER mice. Organoids were stimulated with 500 nM of tamoxifen or vehicle for 3 days.
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(D) qRT-PCR analysis of mMRNA levels of IFN-related genes in tamoxifen-treated organoids
and non-treated organoids from Prkci’™: Villin- CreER mice.

(E) pSTAT1 staining and quantification in small intestines from Prkci®; Villin-Cre (n = 4)
and Prkci’f (n = 4) mice. Scale bar, 50 pm.

(F) Schematic representation for tamoxifen treatment in Prkcit; Villin- CreER mice.
Tamoxifen was injected by oral gavage (240 mg/kg) and mice were sacrificed after 7 days
treatment.

(G and H) pSTAT1 (G) or CD8 (H) staining and quantification of small intestines from
Prkci®: Viillin-Cre (n = 3) and Prkci’f (n = 3) mice treated as in (F). Scale bar, 50 pum.

(1-M) Prkcf’™ (n = 3) and Prkci’t; Villin-CreER (n = 4) mice treated with the azoxymethane
(AOM)/DSS protocol and tamoxifen treatment. Experimental design (1), macroscopic
images (J), quantification of the tumor number, tumor size and tumor load (K), pSTAT1 (L),
CD8 (M) staining and quantification of colon tumors from Prkcif®; Villin-Cre and Prkcit
mice treated as in (1). Scale bars, 1 mm (J), 50 um L), and (M).

(N-Q) Subcutaneous injection of sgPrkci (n = 5) and sgC (n = 5) MC38 cells in WT mice.
Experimental design and immunoblot analysis of indicated proteins in sgPrkciand sgC
MC38 cells (N), quantification of the tumor volume (O), pSTAT1 (P) and CD8 (Q) staining
and quantification from tumors originated from sgPrkci and sgC MC38 cells. Scale bar, 100
um. (R-U) Subcutaneous injection of sgPrkc/ (n = 5) and sgC (n = 5) mouse tumor organoids
(MTOs) in WT mice. Experimental design and immunoblot analysis of indicated proteins in
sgPrkciand sgC MTOs (R), quantification of the tumor volume (S), pSTAT1 (T) and CD8
(V) staining and quantification from tumors originated from sgPrkciand sgC MTOs. Scale
bar, 50 um.

Results are shown as mean £ SEM *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
See also Figure S1.
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Figure 2. PKCA/1 interaction with ULK2 is critical for the control of the IFN response through
TBK1

(A) Model that represents the role of PKCA/v in the repression of the IFN cascade upstream
of TBK1 but downstream of cGAS.

(B-D) Immunoblot analysis of indicated proteins in sgPrkciand sgC MC38 (B), MODE-K
(C) and HEK?293 (D) cells transfected with dsSDNA, cGAMP or mock transfected for 0, 3
and 6 h (n=3).

(E) STING staining and quantification of small intestines from Prkci!®: Villin-Cre and
Prkci’f mice. Scale bar, 50 pm.
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(F) STING staining and quantification of small intestines from Prkcit; Villin- CreER and
Prkci!T mice. Tamoxifen was injected by oral gavage (240 mg/kg) and mice were sacrificed
after 7 days treatment. Scale bar, 50 pm.

(G) Wolcano plot of biotinylated proteins in PKCA/1-BiolD2-dsDNA versus Empty-BiolD2
HEK?293 cells (n = 3).

(H) Immunoblotting of cell lysate and MY C-tagged immunoprecipitates of HEK293T cells
transfected with the indicated plasmid and treated with Bafilomycin Al (100 nM, 12 h).

() Immunoblot analysis of indicated proteins in sgPrkc/iand sgC MODE-K cells transfected
with scramble siRNA, (siC), siUlkZ or siUlk2. After 48 h, cells were transfected with
dsDNA or mock transfected for 6 h (n = 3).

(J) Immunoblot analysis of /n vitro kinase assay performed with GST-ULK?2 active kinase
(baculovirus-expressed recombinant protein) and immunoprecipitated HA-tagged TBK1 as
substrate (n = 3).

(K) Immunoblot analysis of in vitro kinase assay performed with FLAG-tagged ULK2
immunopreciptated from sgPrkci or sgC HEK293T cells and immunoprecipitated HA-
tagged TBK1 as substrate (n = 3).

(L) Immunoblot analysis of indicated proteins in sgPrkciand sgC MODE-K cells transduced
with the indicated siRNA. After 48 h, cells were transfected with dSDNA or mock
transfected for 6 h.

(M) Immunoblotting of cell lysates and HA-tagged immunoprecipitates of MODE-K cells,
expressing HA-tagged STING, transduced with the indicated siRNA and transfected with
dsDNA or mock transfected for 6 h.

(N) Immunoblotting of cell lysates and HA-tagged immunoprecipitates of sgPrkci and

sgC MODE-K cells expressing HA-tagged STING and transfected with dsSDNA or mock
transfected for 6 h.

Results are shown as mean £ SEM ****p < 0.0001. See also Figure S2.
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Figure 3. The pharmacological inhibition of ULK1/2 reduces the IFN response promoted by
PKCA/v-deficiency
(A) Immunoblot analysis of indicated proteins in sgPrkci and sgC MODE-K cells treated

with SBI-0202965 or vehicle for 6 h and transfected with dsDNA, or mock transfected for 6
h(n=3).

(B-D) Pharmacological Inhibition of ULK1/2 /n vivo. Experimental design (B), pSTAT1
(C) or STING (D) staining and quantification of small intestines from Prikc/; Villin-
Creand Prkci’f mice treated with SBI-0202965 or vehicle. (n: Prkcif Vehicle = 5,

Prkci’f SB1-0202965 treated = 5, PrkciVfl- Villin-Cre \ehicle = 5, and PrkcVf\- Viillin-Cre
SBI-0202965 treated = 5). Scale bar, 50 um.

(E) Immunoblot analysis of indicated proteins in IECs from Prkc’™; Villin-Cre and Prkci!f
mice treated with SB1-0202965 or vehicle.

(F) gRT-PCR analysis of mRNA levels of IFN-related genes in IECs from Prkci!®: Villin-Cre
and Prkci’f mice treated with SBI-0202965 or vehicle

(G) CD8 staining and quantification of small intestines from Prkci’®; Villin-Cre and Prkcif
mice treated with SBI-0202965 or vehicle. (n: Prkci’f Vehicle = 5, Prkci’f SBI-0202965
treated = 5, PrkcifVfl- Villin- Cre Vehicle = 5, and PrkcfVfl- Villin- Cre SB1-0202965 treated =
5). Scale bar, 50 pm.

Results are shown as mean £ SEM *p < 0.05, ***p < 0.001, ****p < 0.0001.
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Figure 4. PKCA/41 directly represses ULK2 kinase activity
(A) Immunoblot analysis of indicated proteins in sgPrkci and sgC MODE-K cells expressing

either Flag-tagged empty vector, Flag-tagged PKCA/x WT or FLAG-tagged PKCA /1 kinase-
dead and transfected with dsDNA or mock transfected for 6 h (n = 3).

(B) In vitro phosphorylation of MY C-tagged ULK2 by recombinant PKCA/v with ATPyS
followed by p-nitrobenzyl mesylate (PNBM) alkylation and immunoblotting for the
indicated proteins.

(C) Predicted sites of phosphorylation of PKCA/x in human ULK2 by Scansite 4.0 software.
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(D) Alignment of the amino acid sequence of human ULK?2 (140-155 aa) with orthologs in
other species, in comparison with PKCA/1 consensus sequence.

(E) /n vitro phosphorylation of MY C-tagged ULK2 WT or ULK2 S150A by a recombinant
PKCA/v with ATPyS followed by PNBM alkylation and immunoblotting for the indicated
proteins.

(F) Predicted functional alterations in ULK2 phosphorylation at S150 by Mutpred2
software.

(G) In vitro phosphorylation of HA-tagged TBK1 by Flag-tagged ULK2 WT, ULK2 S150A
or ULK2 S150D, and immunoblotting for the indicated proteins.

(H) Schematic representation of endogenous U/k2 editing in MODE-K cells.

(1 and J) Immunoblot analysis of indicated proteins in WT (ULK2WT) and S150A
(ULK25150A) MODE-K cells transfected with dsDNA or mock transfected for 6 h (1) and
quantification of pTBK1, pIRF3 and pSTATL1 intensity normalized to actin (J) (n = 3).

(K) gRT-PCR analysis of mRNA levels of IFN-related genes in ULK2WT and ULK2S5150A
MODE-K cells transfected with dsDNA or mock transfected for 6 h (n = 3).

Results are shown as mean £ SEM *p < 0.05 **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 5. PKCA/1 regulates ULK?2 levels through a ubiquitin-dependent lysosomal degradation
mechanism

(A and B) Immunoblot analysis of indicated proteins (A) and gRT-PCR analysis (B) of
MRNA of UlkZin sgPrkciand sgC MODE-K cells (n = 3).

(C) Immunoblot analysis of HEK293T cells transfected with the indicated plasmids.

(D and E) HEK293T cells, transfected with the indicated plasmids, were incubated with 50
ug/ml of cycloheximide (CHX) and protein stability was determined by immunoblotting at
indicated time points (D). ULK2 levels were normalized to actin (E) (n = 3).
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(F and G) Immunoblot analysis of indicated proteins in MODE-K cells transduced with the
indicated siRNAs or treated with Bafilomycin A1 (100 nM), MG132 (20 uM) or Brefeldin
(BFA) (10 pM) for 12 h (F) and quantification of ULK?2 intensity normalized to actin (G) (n
=3).

(H and 1) Immunoblot analysis of indicated proteins in MODE-K cells transduced with the
indicated siRNAs (H) and quantification of ULK2 intensity normalized to actin (1) (n = 3).
(J) Immunoblotting of cell lysate and MY C-tagged immunoprecipitates of sgPrkciand sgC
MODE-K cells, transfected with the indicated plasmids.

(K and L) Immunoblotting of cell lysate and FLAG-tagged immunoprecipitates (K) or

MY C-tagged immunoprecipitates (L) of MODE-K cells, transfected with the indicated
plasmids.

(M) Volcano plot showing NDFIP1 among the biotinylated proteins in PKCA/1-BiolD2-
dsDNA versus Empty-BiolD2 HEK?293 cells (n = 3).

(N) Immunoblotting of cell lysate and HA-tagged immunoprecipitates of HEK293T cells
transfected with the indicated plasmids.

(O and P) Immunoblot analysis of indicated proteins in MODE-K cells transduced with

the indicated siRNAs and transfected with dsDNA or mock transfected for 6 h (O) and
gRT-PCR analysis of mRNA levels of NdfipI (P).

(Q) Immunoblot analysis of indicated proteins in MODE-K cells transduced with the
indicated siRNAs.

(R) Immunoblotting of cell lysate and MY C-tagged immunoprecipitates of MODE-K cells,
transduced with the indicated siRNAs and the indicated plasmids.

(S) Immunoblotting of cell lysate and HA-tagged immunoprecipitates of HEK293T cells,
transduced with the indicated siRNAs and the indicated plasmids.

(T) Predicted functional alterations in ULK2 phosphorylation at S150 by Mutpred2
software.

(U) Immunoblotting of cell lysate and MY C-tagged immunoprecipitates of MODE-K cells
transfected with the indicated plasmids.

(V and W) HEK?293T cells, transfected with the indicated plasmids, were incubated with 50
ug/ml of cycloheximide (CHX) and protein stability was determined by immunoblotting at
indicated time points (V). ULK2 levels were normalized to actin (W) (n = 3).

(X) Model that represents that ULK2 phosphorylation by PKCA/v at S150 serves to promote
its K63 ubiquitination in an NDFIP1-NEDDA4L dependent manner.

Results are shown as mean £ SEM *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S3.
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Figure 6. PKCA/1 represses autophagy through an ULK2-dependent mechanism
(A and B) Immunoblot for LC3 in response to lysosomal inhibitors (P1) (A) and

quantification of LC3-11 intensity normalized to actin (B) in sgPrkc/and sgC MODE-K
cells in presence or absence of serum (n = 3).

(C) Calculated net LC3 flux and speed of autophagosome formation from cells treated as in
(A) (n=3).

(D) Electron microscopy (EM) images of sgPrkciand sgC MODE-K cells in serum-
supplemented media (Serum) or Hank’s balanced salt solution (HBSS). Arrows
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indicate autophagy-related compartments. Insets show at higher magnification examples
of autophagic vacuoles and amphisomes in different stages of maturation. In sgC

cells: a (autophagosome), b-f (inmature autolysosomes), g-j (autolysosomes), kI
(multivesicular body), m-o (amphisomes). In sgPrkci cells: a (autophagosome), b,c
(inmature autolysosomes), d-i (autolyssoomes), j-I (amphisomes). Scale bar, 1 pm.

(E-G) Quantification of the average number of autophagosomes (APG), autolysosomes
(AUT), autophagic vacuoles (AV), amphisomes (AMPH), multivesicular bodies (MVB). At
least 14 different fields were quantified.

(H and 1) Immunablot for LC3 in response to lysosomal inhibitors (P1) (H) and
quantification of LC3-11 intensity normalized to actin (1) in sgPrkciand sgC MODE-K
cells, transduced with the indicated siRNAs (n = 3).

(J) Calculated speed of autophagosome formation from cells treated as in (H) (n = 3).

(K and L) Immunoblot for LC3 in response to lysosomal inhibitors (K) and quantification
of LC3-I1 intensity normalized to actin (L) in WT and S150A MODE-K cells (n = 3), (M)
Calculated speed of autophagosome formation from cells treated as in (K) (n = 3).

(N) gRT-PCR analysis of mRNA levels of /fnBin sgPrkciand sgC MODE-K cells,
transduced with the indicated siRNAs and transfected with dsDNA or mock transfected
for 6 h (n = 3).

(O) Immunoblot analysis of indicated proteins in sgPrkciand sgC MODE-K cells
transduced with the indicated siRNAs and transfected with dsDNA or mock transfected
for 6 h (n = 3).

(P) gRT-PCR analysis of mRNA levels of /fnBin sgPrkciand sgC MODE-K cells,
transduced with the indicated siRNAs and transfected with dsDNA or mock transfected
for 6 h (n = 3).

(Q) Immunoblot analysis of indicated proteins in sgPrkciand sgC MODE-K cells
transduced with the indicated siRNAs.

(R) Scheme shows that increased autophagy in PKCA/v-deficient cells prevents the
inactivation of the IFN pathway by CMA-driven degradation of STING.

Results are shown as mean £ SEM *p < 0.05, **p < 0.01, ***p < 0.001. ****p < 0.0001.
See also Figure S4.
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Figure 7. PKCA/a-deficiency in the intestinal epithelium drives IFN activation in vivo and anti-

cancer immunosurveillance

(A) GSEA of transcriptomic data of colorectal cancer (CRC) samples (TCGA) stratified
on the basis of PRKC/ expression. Indicated gene signatures from the Hallmark and C5
collection of MSigDB were applied to the analyses. Normalized enrichment scores (NES)

and False discovery rate (FDR) are shown.

(B) GSEA plots of enrichment in the indicated gene signatures from MsigDB in CRC

patient samples from TCGA stratified by PRKC/ expression.
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(C) Uniform Manifold Approximation and Projection (UMAP) plot with clustering results
colored by samples of tumor epithelium from CRC patients (GSE132465).

(D) UMAP plot of the tumor epithelium compartment of CRC patients (GSE132465)
stratified on the basis of PRKC/ expression.

(E) Violin plots for the indicated gene signatures in CRC patients (GSE132465) stratified on
the basis of PRKC/ expression.

(F) GSEA plot of enrichment in the indicated gene signature in CRC patient samples from
TCGA stratified by PRKC/ expression.

(G) Five-color overlay image of a selected tissue core and higher magnification three-
color images (upper panels). Spatial analysis showing PKCA/\/pSTAT1 state among tumor
epithelial cells labeled as CK positive (bottom panels).

(H) Five-color overlay image of a selected tissue core and higher magnification three-color
images (upper panels). Spatial analysis showing PKCA/+ state in tumor epithelial cells, and
enrichment of CD8 cells (bottom panels).

(I) Representative neighborhood enrichment analysis of CD8 cells in PKCA/1 negative or
positive tumor epithelial cells.

(J) Kaplan-Meier curve for recurrence-free survival of TCGA CRC patients according to
PRKC/ expression.

(K) Kaplan-Meier curve for recurrence-free survival of TCGA CRC patients according to
PRKCI/PRKCZ expression.

(L) Kaplan-Meier curve for recurrence-free survival of TCGA CRC patients according to
IFNA score.

Results are shown as mean £ SEM. ***p < 0.001. See also Figure S5.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Mouse anti-B-actin Sigma-Aldrich Cat# A1978, RRID: AB_476692

Rabbit anti-SQSTM1/p62

Cell Signaling Technology

Cat# 23214, RRID: AB_11157045

Rabbit anti-STING

Cell Signaling Technology

Cat# 13647, RRID: AB_2732796

Rabbit anti-phospho-TBK1

Cell Signaling Technology

Cat# 5483, RRID: AB_10693472

Mouse anti-TBK1

Santa Cruz Biotechnology

Cat# sc-52957, RRID: AB_783995

Rabbit anti-phospho-IRF3

Cell Signaling Technology

Cat# 4947, RRID: AB_823547

Mouse anti-IRF3

Santa Cruz Biotechnology

Cat# sc-376455, RRID: AB_11151578

Rabbit anti-phospho-STAT1

Cell Signaling Technology

Cat# 9167, RRID: AB_561284

Rabbit anti-STAT1

Santa Cruz Biotechnology

Cat# sc-346, RRID: AB_632435

Rabbit anti-LC3A/B

Cell Signaling Technology

Cat# 4108, RRID: AB_2137703

Rabbit anti-LAMP2A Abcam Cat# ab18528, RRID: AB_775981
Rabbit anti-Thiophosphate ester Abcam Cat# ab92570, RRID: AB_10562142
Mouse anti-FLAG Sigma-Aldrich Cat# F3165, RRID: AB_259529

Mouse anti-PKCA

BD Biosciences

Cat# 610208, RRID: AB_397607

Rabbit anti-HA-Tag

Cell Signaling Technology

Cat# 3724, RRID: AB_1549585

Mouse anti-GST-tag

Santa Cruz Biotechnology

Cat# sc-138, RRID: AB_627677

Rabbit anti-NEDD4L

Cell Signaling Technology

Cat# 4013, RRID: AB_1904063

Mouse anti-NEDD4

Cell Signaling Technology

Cat# 2740, RRID: AB_2149312

Rabbit anti-NDFIP1

Proteintech

Cat# 15602-1-AP, RRID: AB_2878157

Rabbit anti-ATG5

Cell Signaling Technology

Cat# 12994S, RRID: AB_2630393

Rabbit anti-ULK2

GeneTex

Cat# GTX111476, RRID: AB_1952511

Mouse anti-MYC-Tag

Cell Signaling Technology

Cat# 2040, RRID: AB_2148465

Rabbit anti-ATG16L1

Cell Signaling Technology

Cat# 8089, RRID: AB_10950320

Rabbit anti-ULK1

Cell Signaling Technology

Cat# 8054, RRID: AB_11178668

Mouse anti-UB

Santa Cruz Biotechnology

Cat# sc-8017, RRID: AB_2762364

Mouse anti-VPS4

Santa Cruz Biotechnology

Cat# sc-133122, RRID: AB_2304400

Rat anti-CD8

BD Pharmingen

Cat# 557654, RRID: AB_396769

Mouse anti-CD8

Thermo Fisher Scientific

Cat# MA5-13473, RRID: AB_11000353

Mouse anti-CYTOKERATIN

EMD Millipore

Cat# MAB3412, RRID: AB_94853

Goat anti-Mouse 1gG1, secondary, HRP

Thermo Fisher Scientific

Cat# PA1-74421, RRID: AB_10988195

Goat anti-Rabbit 1gG, secondary, HRP

Thermo Fisher Scientific

Cat# 31461, RRID: AB_228347

Goat anti-Mouse 1gG1, secondary, Alexa Fluor 488

Thermo Fisher Scientific

Cat# A21121, RRID: AB_2535764

Donkey anti-Rat 1gG, secondary, Alexa Fluor 488

Thermo Fisher Scientific

Cat# A21208, RRID: AB_2535794

Donkey anti-Rabbit 1gG, secondary, Alexa Fluor 568

Thermo Fisher Scientific

Cat# A10042, RRID: AB_2534017

Rat anti-CD16/CD32

BD Pharmingen

Cat# 553142, RRID:AB_394657

Mouse anti-NK1.1

BD Pharmingen

Cat# 553165, RRID:AB_394677
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REAGENT or RESOURCE SOURCE IDENTIFIER
Rat anti-CD4 BD Horizon Cat# 560468, RRID:AB_1645271
Rat anti-CD8 BD Pharmingen Cat# 557654, RRID:AB_396769

Rat anti-CD45

BD Horizon

Cat# 563891, RRID:AB_2734134

Hamster anti-TCRp chain

BD Pharmingen

Cat# 553174, RRID:AB_398534

Bacterial and virus strains

DH5a Competent Cells Thermo Scientific Cat# 18265017
One Shot Stbl3 Chemically Competent Thermo Scientific Cat# C737303
Biological samples
Human Colorectal cancers (CRC) Osaka City University Hospital, Osaka, | N/A

JAPAN
Chemicals, peptides, and recombinant proteins
X-tremeGENE transfection reagent Roche Cat# 6366236001

Ampicillin Fisher BioReagents Cat# BP1760-25
MG132 Sigma-Aldrich Cat# 474790
Bafilomycin Al Selleck Chemicals LLC Cat# S1413
Cyclohexamide Sigma-Aldrich Cat# C7698
Chloroquine Sigma-Aldrich Cat# C6628
2’3’-cGAMP InvivoGen Cat# tIrl-nacga23
Dimethyl Sulfoxide Fisher BioReagents Cat# BP2311
ECL Western Blotting Substrate Thermo Scientific Cat# 32106
HBSS (no calcium, no magnesium) Gibco Cat# 14175095
HEPES Gibco Cat# 15630080
L-Glutamine Corning Cat# 25-005-Cl
Lipofectamine 2000 Transfection Reagent Invitrogen Cat# 11668019
Lipofectamine RNAIMAX Transfection Reagent Invitrogen Cat# 13778030
Opti-MEM Reduced Serum Medium Gibco Cat# 31985070
PBS (no calcium, no magnesium) Gibco Cat# 10010-023
Puromycin Omega Scientific, inc. Cat# PR-01
QuickChange Il Site-Directed Mutagenesis Kit Agilent Cat# 200523
Quick-RNA Miniprep Kit Zymo Research Cat# R1054
RNA /ater Stabilization Solution Invitrogen Cat# AM7021
TRIzol Thermo Fisher Scientific Cat# 15596018
DMEM Corning Cat# 10-017CV
Advanced DMEM/F12 Thermo Fisher Scientific Cat# 12634010
GlutaMAX Supplement Thermo Fisher Scientific Cat# 35050061
Y-27632 Tocris Cat# 1254

B27 Supplement Thermo Fisher Scientific Cat# 17504001
N2 Supplement Thermo Fisher Scientific Cat# 17502048
Murine EGF Thermo Fisher Scientific Cat# PMG8045

Recombinant murine R-Spondin

R&D systems

Cat# 3474-RS-050
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REAGENT or RESOURCE SOURCE IDENTIFIER
Recombinant murine Noggin Peprotech Cat# 250-38
Collagenase type XI Sigma-Aldrich Cat# C7657
Matrigel® Growth Factor Reduced (GFR) Basement Corning Cat# 356230
Membrane Matrix

Recombinant human PKCi kinase Thermo Fisher Scientific Cat# PV3186
Recombinant human ULK2 kinase Sigma-Aldrich Cat# SRP5097
Polybrene Infection Reagent Sigma-Aldrich Cat# TR-1003-G
TrueCut Cas9 Protein v2 Thermo Fisher Scientific Cat#t A36498
Tamoxifen Sigma-Aldrich Cat# T5648
4-OH-tamoxifen Millipore-Sigma Cat# H7904
Azoxymethane Sigma-Aldrich Cat# A5486

Dextran Sulfate Sodium Salt (DSS) - Colitis Grade
(36,000 - 50,000 MW)

MP biomedicals

CAS Number: 9011-18-1

SBI-0206965

SelleckChem

Cat# S7885

Percoll

GE Healthcare

Cat# GE17-0891-01

Critical commercial assays

Fixation/Permeabilization solution kit

BD Cytofix/Cytoperm™

Cat# 554714

VECTASTAIN® Elite® ABC-HRP Kit Vector Cat# PK-6100
Neon™ 10ul Electroporation Kit Thermo Fisher Scientific Cat# MPK1096
Automated Opal 7-Color IHC Kit AKOYA BIOSCIENCES Cat# NEL821001KT
Deposited data

RNA-seq (Prkci'f and Prkcf'®; Villin-Cre IECs) (Nakanishi et al., 2018) GEO:GSE109289
ATAC-seq (Prkcf’ and Prkci®, Villin-Cre 1ECs) This study GEO:GSE180223

3" RNA-seq (sgPrkci and sgC MTOs) This study GEO:GSE180222

Proteomics (Flag and Flag-PKCA 293T cells)

This study; Mendeley Data

doi: 10.17632/tpjcr237pz.1

Raw Data This study; Mendeley Data doi: 10.17632/tpjcr237pz.1
Microarray from Crohn’s disease and Ulcerative Colitis | (Montero-Melendez et al., 2013) GEO:GSE36807
colonic specimens

Microarray from endoscopic-derived intestinal mucosal | (Vanhove et al., 2015) GEO:GSE59071
biopsies from patients with Inflammatory Bowel

Disease (IBD) and controls

Microarray from patients with Crohn’s disease and (Kugathasan et al., 2008) GEO:GSE10616
Ulcerative Colitis

Microarray from (un)inflamed colon of patients with (Van der Goten et al., 2014) GEO:GSE48958
Ulcerative Colitis

Microarray from patients with Ulcerative Colitis (Olsen et al., 2009) GEO:GSE9452

Microarray from patients with inflammatory bowel
disease

(Arijs et al., 2009)

GEO:GSE16879

Microarray from patients with moderate-to-severe (Toedter et al., 2011) GEO:GSE23597
active Ulcerative Colitis
Single cell 3° RNA sequencing from patients with CRC | (Lee et al., 2020) GEO:GSE132465

TCGA-COREAD

cBioportal

http://www.cbioportal.org/index.do

Experimental models: Cell lines
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse MODE-K Gift from Richard S. Blumberg, Ph.D. N/A

Mouse MODE-K (S150A) This study N/A

Mouse MC38 Kerafast Cat# ENH204, RRID: CVCL_B288
Human HEK293T ATCC Cat# CRL-3216, RRID: CVCL_0063
Human Phoenix-GP ATCC Cat# CRL-3215, RRID: CVCL_H718
Mouse tumor organoid (MTO) (Tauriello et al., 2018) N/A

Experimental models: Organisms/strains

Mouse: Prkcit (Nakanishi et al., 2016) N/A

Mouse: B6.Cg-Tg(Vill-cre)997Gum/J (Villin-cre)

The Jackson Laboratories

Stock No: 004586

Mouse: B6.Cg-Tg(Vill-cre/ERT2)23Syr/J

The Jackson Laboratories

Stock No: 020282

Oligonucleotides

Real-time PCR primers Table S1
siRNA oligonucleotides and guides Table S2
Recombinant DNA

pBABE-puro-myc-BiolD2 Addgene Cat# 80900
pBABE-puro-myc-BiolD2-PKCi (Kudo et al., 2020) N/A

pcDNA3 Invitrogen Cat# V79020
pBABE-puro-mCherry-eGFP-LC3B Addgene Cat# 22418
Lentiviral packaging plasmid psPAX2 Addgene Cat# 12260
Lentiviral packaging plasmid pMD2.G Addgene Cat# 12259
pSuper-shRNA targeting mouse LampZa (Massey et al., 2006) N/A
LentiCRISPR v2 Addgene Cat# 52961
pCMV-FLAG-p62 (Duran et al., 2011) N/A
pCMV-FLAG-PKCi (Reina-Campos et al., 2019) N/A
pCMV-FLAG-PKCi (K274W) (Reina-Campos et al., 2019) N/A
pRK5-myc-ULK2 Addgene Cat# 31966
pRK5-myc-ULK2 (S150A) This study N/A
pRK5-myc-ULK2 (S150D) This study N/A
PRK5-myc-ULK2 (K146A) This study N/A
pDONR223-NDFIP1 DNAsu HsCD00353216
pPENTR223-TBK1 DNAsu HsCD00505584
pDONR221-ULK2 DNAsu HsCD0086056
pDONR223-TMEM173 DNAsu HsCD00353006
pCSF107mT-Gateway-Flag Addgene Cat# 67619
pCSF107mT-Gateway-HA Addgene Cat# 67616
pCSF107mT-Flag-ULK2 This study N/A
pCSF107mT-Flag-ULK2 S150A This study N/A
pCSF107mT-Flag-ULK2 S150D This study N/A
pCSF107mT- HA-STING This study N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
pCSF107mT- HA-TBK1 This study N/A
pCSF107mT- HA-NDFIP1 This study N/A

pDNA3 HA-UB Addgene Cat# 18712
pDNA3 HA-UB K48R (Linares et al., 2013) N/A

pDNA3 HA-UB K63R (Linares et al., 2013) N/A

Software and algorithms

Graphpad Prism 8 Graphpad https://www.graphpad.com/
scientificsoftware/

ImageJ NIH https://imagej.nih.gov/ij/

RStudio (1.1.456) R Core Team https://www.r-project.org/

R R Core Team https://www.r-project.org/

GSEA (v4.1.0) Broad Institute http://www.broadinstitute.org/gsea/
index.jsp

BaseSpace Illumina https://basespace.illumina.com/

Morpheus Broad Institute https://software.broadinstitute.org/

morpheus/

Scansite v4.0

Koch Institute

https://scansite4.mit.edu/4.0/#home

NextBio Illumina https://nextbio.com

GenePattern Broad Institute https://cloud.genepattern.org/gp/pages/
login.jsf

Mutpred2 (Pejaver et al., 2020) http://mutpred.mutdb.org/

iUbig-Lys (Qiuetal., 2015) http://www.jci-bioinfo.cn/iUbig-Lys

Phosphosite Cell Signaling Technology http://www.phosphosite.org

Lexogen QuantSeq DE 1.3.0

BlueBee Cloud

https://www.bluebee.com

Bowtie2-2.3.4.3 (Langmead and Salzberg, 2012) N/A
Taiji 1.1.0 (Zhang et al., 2019) N/A
Seurat 3.0 (Stuart et al., 2019) https://github.com/Satijalab/seurat

Scanpy Python package

(Wolf et al., 2018)

https://github.com/theislab/Scanpy

GSVA (Hanzelmann et al., 2013) https://github.com/rcastelo/GSVA

Survminer R package N/A https://github.com/Kassambara/
survminer

FlowJo Tree Star Inc. N/A

Other

EVOS FL Auto Imaging System Thermo Fisher Scientific N/A

EVOS XL Core Cell Imaging System Thermo Fisher Scientific N/A

NanoDrop 1000 spectrophotometer Thermo Fisher Scientific N/A

TissueLyser 11 QIAGEN Cat# 85300

Zeiss LSM 710 NLO Confocal Microscope Carl Zeiss Microscopy N/A

Nikon A1R HD Confocal Microscope Nikon N/A

Philips CM-100 Transmission Electron Microscope Philips Electron Optics N/A

Neon™ Transfection System Thermo Fisher Scientific Cat# MPK5000

BOND RX Automated IHC stainer Leica N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Vectra Polaris Automated Quantitative Pathology AKOYA BIOSCIENCES N/A
Multispectral Imaging System
FACSymphony™ A5 Cell Analyzer BD Biosciences N/A
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