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MYC upstream region orchestrates resistance to PI3K inhibitors
in cancer cells through FOX0O3a-mediated autophagic
adaptation
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The MYC oncogene is frequently overexpressed in tumors and inhibition of its translation is considered an attractive therapeutic
opportunity. Despite numerous reports proposing an internal ribosome entry site (IRES) within the MYC Upstream Region (MYC UR)
to sustain MYC translation during cellular stress or chemotherapy, conflicting evidence remains regarding the validity of such a

mechanism. Through comprehensive investigations in MYC-driven Colorectal Cancer (CRC) and Burkitt Lymphoma (BL) cells, we

demonstrate that MYC UR does not facilitate cap-independent translation, but instead orchestrates resistance to PI3K inhibitors.
Genomic deletion of MYC UR neither impacts MYC protein levels nor viability in CRC cells, either untreated or exposed to cellular
stress. However, in response to PI3K inhibitors, MYC UR drives a FOXO3a-dependent transcriptional upregulation of MYC, conferring
drug resistance. This resistance is mediated by enhanced autophagic flux, governed by MYC, and blockade of autophagy sensitizes
CRC cells to PI3K inhibition in vitro and in vivo. Remarkably, BL cells lacking the translocation of MYC UR exhibit sensitivity to PI3K
inhibitors, whereas MYC UR-translocated cells respond to these drugs only when autophagy is inhibited. These findings challenge
previous notions regarding IRES-mediated translation and highlight a promising strategy to overcome resistance to PI3K inhibitors
in MYC-driven malignancies, offering potential clinical implications for CRC and BL treatment.

Oncogene; https://doi.org/10.1038/s41388-024-03170-6

Graphical Abstract

In response to BKM120, the upstream region of MYC (UR) enhances MYC expression, via FOXO3a, leading to increased autophagic flux and
resistance to PI3K inhibitors (left). Pharmacological blockade of autophagy (center) or lack of translocated MYC UR along with MYC CDS in
BL (right) overcome resistance and induces cells death. Image created in BioRender.
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INTRODUCTION MYC was recognized as an oncogene when it was discovered to

The proto-oncogene MYC regulates key biological processes, such directly cause Burkitt Lymphoma (BL), a cancer characterized by
as proliferation, differentiation, translation, DNA repair, viability, chromosomal translocation of regions of the MYC gene and
and metabolism, by affecting transcription of nearly 15% of the altered gene expression [2-5]. Since then, MYC dysregulation and/
genome in humans [1]. or abnormal expression [6] has been observed in more than 70%
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of human cancers, and in the majority of colorectal cancers (CRC),
which are a major cause of human cancer mortality [7-10].
Aberrantly activated MYC confers selective growth advantage to
cancer cells by rewiring their transcriptional programs and
signaling modules [11]. For this reason, MYC is commonly
considered on the top of the suitable targets in cancer therapy

and many efforts are devoted to the identification of strategies
that limit its aberrant expression and regulation. Because of the
lack of druggable pockets and clefts, direct targeting of MYC with
structure-based molecules seems not realistic, while alternative
strategies, based on molecules affecting its dimerization proper-
ties or the intracellular content, are believed to have more chances
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Fig. 1 The MYC UR does not mediate IRES-dependent translation in colon cancer cells. A Schematic representation of MYC IRES deletion
using a CRISPR/Cas9 approach to generate UR-deleted (AUR) monoclonal cell lines and control cell lines (SCR). Image created in BioRender.
B Immunoblot showing MYC protein levels in CRC AUR cells compared to SCR in both HCT116 (left panel) and SW620 (right panel). Vinculin is
a loading control. C Polysome profile comparing global translation in HCT116 SCR and AUR cells. Left panel: The graph shows mean ultraviolet
(UV) absorbance at 260 nm from 3 independent experiments of cytoplasmic lysates fractionated on 15-50% sucrose gradients. Right panel:
QPCR analysis of MYC mRNA in the polysome fractions. A synthetic spike-in RNA was added to each fraction before RNA extraction and used
as loading control (n = 3). D Immunoblot of MYC protein levels in SCR and AUR HCT116 cells after lentiviral-mediated knockdown of elF4E
using two different short hairpin RNAs for 72 h. E Proliferation assay of HCT116 SCR and AUR cells transduced with lentiviruses expressing two
different shRNAs against elF4E for 72 h, then reseeded and counted 48 h later. Cell proliferation is represented as the fold change compared to
control (shSCR) cells (n = 3). F Immunoblot documenting MYC and 4EBP protein levels in SW620 cells infected with the lentivirus expressing
doxycycline-inducible 4EBP mutated in the four phosphorylatable residues (4EBP 4XALA). Cells were treated with 1 pg/mL doxycycline for
72 h. G Proliferation assay of HCT116 SCR and AUR cells infected with 4EBP 4XALA lentivirus, selected with puromycin for 72 h then reseeded
and treated with 1 pg/mL doxycycline. Cells were counted at the indicated time points. Cell proliferation is represented as the fold change
compared to the corresponding untreated cells (n = 3). H Immunoblot showing MYC protein levels in HCT116 SCR and AUR cells 72 h post-
infection with lentivirus expressing two different elF4A-targeting shRNAs. I Immunoblot showing MYC protein levels in HCT116 SCR and AUR
cells 72 h post-infection with lentivirus expressing two different elF4G-targeting shRNAs. J Left panel: Schematic representation of in vitro
transcribed (IVT) mRNA of the firefly luciferase reporter, cloned in the pSP64polyA plasmid with and without both the MYC IRES and a stable
hairpin to block ribosome scanning. During the synthesis, 7-methylguanosine (CAP) or a non-functional CAP analog (AP3G) was added. Right
panel: Luciferase assay after transfection of the in vitro transcribed RNA in SW620 cells for 6 h. Data were normalized by QPCR of luciferase
mMRNA and are expressed as fold change relative to cap-conjugated mRNAs (n = 3). Left panel created in BioRender. Data represent the
mean + SD of at least three experiments, each performed in triplicate. ns=not significant (p > 0.05), *p < 0.05, **p < 0.01, ****p < 0.000,1 by

;wo—way ANOVA followed by post-hoc Tukey’s multivariate analysis.

of success [11, 12]. Among them, inhibition of MYC biosynthesis
has emerged as a potentially valuable approach, and drugs
inhibiting MYC translation have been tested in preclinical and
clinical settings, providing promising results [13, 14].

MYC translation is initiated mostly through a canonical cap-
dependent mechanism, triggered by the interaction of elF4E with
the cap structure of MYC mRNA [15]. However, drugs inhibiting
cap-mediated initiation, such as mTOR inhibitors or some cellular
stressors, fail to prevent MYC biosynthesis [16]. To explain this
phenomenon, it was proposed that under these conditions MYC
translation may be mediated by cap-independent mechanisms
due to the presence of an internal ribosome entry site (IRES) in its
5" UTR, which ranges specifically from 363 to 94 bases upstream its
non-canonical CUG start codon [17, 18].

IRES-dependent translation was first discovered in the context
of picornaviruses [19-21] which can initiate protein biosynthesis
when canonical translation is blocked by the infection itself. In the
past years, several authors identified putative IRES sequences in
the 5 untranslated regions of mammalian messenger RNAs,
particularly in genes involved in cell viability, proliferation, and cell
cycle regulation [22], such as MYC. It was hypothesized that IRES-
dependent translation represents a salvage mechanism used by
tumor cells to escape death and survive to different forms of
cellular stress occurring in the tumor microenvironment, such as
endoplasmic reticulum (ER), genotoxic, metabolic, and redox
stresses [23-25]. Contrary to the viral counterpart, however, the
function and relevance of cellular IRES has been questioned,
largely because in most cases it was validated using reporter
constructs [20] expressing single bicistronic transcripts, consisting
of two reporter cistrons (e.g. renilla and firefly luciferase as in the
pR-F plasmid) with the putative IRES placed in the intercistronic
region [26]. In this system, the first cistron is translated through a
canonical cap-mediated mechanism, while the second cistron is
translated only if the intercistronic region allows internal entry of
ribosomes [21].

Various researchers have demonstrated problems that can
result from this approach [27-29]. For example, the pR-F plasmid
has been shown to translate from the second cistron due to a
cryptic promoter rather than from internal ribosome entry
[27, 30, 31]. Other researchers have shown reporter translation
occurring due to cryptic splicing that results in monocistronic
luciferase transcripts [32].

Therefore, additional studies seem to be required to make the
conclusion that certain untranslated regions may function as
mediators of internal initiation.

Oncogene

As for the MYC oncogene, several reports have proposed
that its IRES-dependent translation represents a central
mechanism used by tumor cells to escape death and survive
the unfavorable tumoral microenvironment in response to ER
stress [33], genotoxic stress [23], or mTOR blockade [16]. Hence,
MYC IRES has been suggested as a relevant actionable
mechanism; the inhibition of which might prevent cancer cell
survival under adverse conditions and resistance to
chemotherapies.

However, as with the other cellular IRESes, the above-described
studies were largely conducted using bicistronic reporter systems.
Therefore, whether the IRES region of MYC promotes internal
initiation under critical conditions and plays a relevant biological
role in cancer still represents an open issue.

In the present work, we have sought to unequivocally resolve
these controversies using comprehensive in vitro and in vivo
approaches.

Our data presented here suggest that the endogenous
upstream region (UR) of MYC is not used for internal ribosome
initiation, but it rather functions as a transcriptional inducer of
MYC in response to PI3K inhibition, leading to increased
autophagic flux and drug resistance.

RESULTS

Deletion of the region corresponding to MYC IRES does not
change MYC content and cell viability in CRC cells

We excised the region between 363 and 94 bases upstream the
first start codon, previously identified as MYC IRES [17] (Fig. 1A and
Supplementary Fig. 1A). We used HCT116 and SW620 CRC cells,
where MYC IRES activity was previously reported [34, 35] and
generated for each of them two gene-edited clones that we will
refer to as AUR and SCR (scrambled control).

MYC protein and mRNA levels (Fig. 1B and Supplementary
Fig. 1B) were not changed between AUR and SCR, suggesting that
this region does not affect MYC content under standard culturing
conditions. Subsequently, we performed polysomal fractionation
to investigate whether deletion of the IRES region would affect the
association of MYC mRNA to ribosomes. We did not observe
changes of MYC mRNA distribution in cells deleted of the IRES
region compared to SCR cells (Fig. 1C), suggesting that the IRES
region does not contribute to initiation of MYC translation in this
setting.

To further investigate this aspect, we examined the effect of
inactivation of key regulators of translational initiation.

SPRINGER NATURE
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We first interfered the expression of the cap-binding protein elF4E,
a critical component of cap-dependent translation that was found to
be dispensable for IRES-mediated translation of MYC [36, 37].

Ablation of elF4E with two different shRNAs caused a robust
decrease of endogenous MYC protein content, regardless of the

SPRINGER NATURE
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presence of the IRES (Fig. 1D). Consistently, overexpression of a
mutated 4EBP missing its 4 phosphorylation residues (4XALA) [38],
thus acting as a dominant negative on the endogenous elF4E
inhibitor 4EBP, gave similar results (Fig. 1F) compared to elF4E
ablation, supporting the conclusion that the IRES sequence does

Oncogene
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Fig.2 MYC UR does not regulate MYC content or cell proliferation in response to various cell stress. A Immunoblot showing SW620 SCR
and AUR cells treated with 0.5 pM thapsigargin or vehicle (DMSO) for 3 h. B SW620 SCR and AUR cells were treated with 0.5 pM thapsigargin
or vehicle (DMSO) and counted after 48 h. Cell proliferation is expressed as fold change relative to DMSO treated cells (n = 3). C Immunoblot
analysis of MYC protein levels after lentiviral mediated knockdown of elF4E (shelF4E) or control (shSCR) in SW620 for 72 h and treatment with
0.5 pM thapsigargin or vehicle (DMSO) for 3 h. D Immunoblot of the indicated proteins in SW620 SCR and AUR cells treated with 2 M
mitomycin C (MMC) or vehicle (DMSO) for 24 h. E Proliferation assay in SW620 SCR and AUR cells treated with 2 pM MMC or vehicle (DMSO) for
24 h. Data are expressed as fold change relative to DMSO treated cells (n = 3). F Immunoblot of the indicated proteins after elF4E lentiviral
mediated knockdown (shelF4E) or control (shSCR) for 72h in SW620 cells then treated with 2pM MMC or vehicle (DMSO) for 24 h.
G Immunoblot of SW620 SCR and AUR cells treated with 25 mM 2-deoxy-D-glucose (2DG) or vehicle (H,0) for 16 h. H Proliferation assay in
SW620 AUR or control cells treated with 25 mM 2DG or vehicle (H,0) for 48 h. Cell proliferation is represented as fold change relative to
vehicle-treated (NT) cells (n = 3). I Immunoblot of the indicated proteins after lentiviral-mediated knockdown of elF4E (shelF4E) or control
(shSCR) in SW620 cells for 72 h followed by treatment with 25 mM 2DG or vehicle (H,0) for 16 h. J Immunoblot of SW620 SCR and AUR cells
after treatment with 150 pM hydrogen peroxide (H,0,) or vehicle (H,O) for 3 h. K Cell proliferation assay of SW620 cells treated with 10 pM
H,0, or vehicle (H,0) for 24 h. Cell proliferation is represented as fold change relative to vehicle-treated (NT) cells (n = 3). L Immunoblot of
SW620 cells after 72 h of lentiviral-mediated knockdown of elF4E (shelF4E) and then treated with 150 uM H,O, or vehicle (H,0) for 3 h.
M Immunoblot of SW620 SCR and AUR cells pre-treated for 5 min with 100 pg/mL cycloheximide (CHX) or vehicle (DMSO), then 30 min with
150 uM H,0, or vehicle (H,0). Data represent the mean + SD of at least three experiments, each performed in triplicate. ns=not significant

(p > 0.05) by Two-way ANOVA followed by post-hoc Tukey’s multivariate analysis.
<

not affect MYC content in the absence of the cap-binding factor
elF4E. Furthermore, no difference in cell proliferation was
observed across experiments with knockdown of elF4E (Fig. 1E)
nor overexpression of 4EBP 4XALA (Fig. 1G), demonstrating that
MYC expression reflects cell proliferation and that the presence of
MYC IRES does not balance the decrease of CRC cell proliferation
resulting from attenuation of cap-dependent translation.

Following this, we investigated two other factors of the elF4F
initiation complex, elF4A and elF4G. elF4A in particular was
suggested to be critical for cap-independent translation of MYC
[36]; lentiviral-mediated transduction of our two different small-
hairpin RNAs provided more than 90% reduction of elF4A1T mRNA
(Supplementary Fig. 1C) and was accompanied by a reduction in
MYC protein, a response that was identical in AUR and SCR cell
lines (Fig. TH), thus ruling out that an additional fraction of MYC
translation could be generated from elF4A acting at the IRES
region. Similar results were observed for elF4G using the same
small-hairpin method and with similar efficacy of knockdown
(Fig. 11 and Supplementary Fig. 1D).

Consistent with the inability of the MYC IRES region to mediate
translational initiation independently of the cap, transfection of
in vitro transcribed monocistronic luciferase mRNA with a
defective cap analog (AP3G) and a hairpin in the 5'UTR preventing
ribosomal scanning from the cap, failed to be translated in
HCT116 cells, despite the presence of MYC IRES within the
luciferase 5'UTR (Fig. 1J).

Taken together, these observations demonstrate that the region
considered as MYC IRES cannot mediate cap-independent
translation of MYC in cells grown under standard culturing
conditions as previously argued [39], and fails to sustain cell
viability when the general cap-dependent protein synthesis is
inhibited.

The region corresponding to MYC IRES does not regulate MYC
levels or resistance to cellular stress
We next sought to understand if the presumed IRES region is
involved in the response to different cellular stress to support
survival under unfavorable conditions.

Previous studies [33] demonstrated that exposing multiple
myeloma cells to endoplasmic reticulum stress inducers, such
as thapsigargin or tunicamycin, caused an increase of MYC
expression via IRES translation, although general protein
synthesis was inhibited [40]. We observed that in response to
thapsigargin, MYC protein levels were upregulated in SW620
(Fig. 2A) or unchanged in HCT116 cells (Supplementary Fig. 2A)
in both SCR and IRES-deleted clones. Since elF2a phosphoryla-
tion was increased after thapsigargin treatment, these results
indicate that MYC biosynthesis is increased or maintained

Oncogene

when general protein translation is inhibited and that this
effect is independent of the IRES. Since thapsigargin inhibited
cell proliferation to the same extent in SCR and IRES-deleted
cells (Fig. 2B and Supplementary Fig. 2B), these data
demonstrate that the IRES region is not involved in the
regulation of MYC levels and cell proliferation in response to ER
stress. Further supporting a cap-dependent mechanism for ER
stress-induced MYC regulation, knockdown of elF4E disrupted
MYC content in response to thapsigargin (Fig. 2C).

We next investigated the effects of the genotoxic stressors
on MYC translation and cell proliferation. Subkhankulova and
colleagues [23] showed that MYC IRES-mediated translation
was activated in response to DNA damage and genotoxic stress
induced by the DNA alkylating drug mitomycin C (MMC) to
maintain intracellular MYC content and cancer cell viability. In
keeping with these findings, after treatment of SW620 and
HCT116 cells with MMC, cell proliferation and MYC protein
content were reduced, although not abrogated, while p-elF2a
was increased (Fig. 2D and Supplementary Fig. 2C). However, in
AUR cells residual MYC protein levels were also detected, cell
proliferation was inhibited at levels comparable to SCR cells
(Fig. 2D, E and Supplementary Fig. 2C, D), and knockdown of
elF4E abrogated the residual MYC protein content (Fig. 2F),
indicating that MYC translation and cell viability under
genotoxic stress are not sustained by an IRES-dependent
mechanism.

We then tried to address whether oxidative and metabolic
stressors, characteristic of the tumor microenvironment, could
exploit IRES-dependent translation to support MYC expression and
CRC growth. As expected, both 2-deoxy-D-glucose (2DG), a
glucose analog that is not metabolizable, and hydrogen peroxide
(H,0,) treatment inhibited the regulator of global protein
translation mTOR, as documented by a decrease of 4EBP
phosphorylation (Fig. 2G, J and Supplementary Fig. 2E, G). In
SW620 cells both treatments resulted in up-regulation of MYC
protein levels (Fig. 2G, J) and in a decrease of CRC cell proliferation
(Fig. 2H, K). However, these effects were not mediated by IRES
translation, as the same upregulation of MYC was observed also in
the cells lacking the IRES sequence (Fig. 2G, J) and the sensitivity
of AUR cells to 2DG and H,0, was not significantly accentuated
compared to control cells (Fig. 2H, K).

Interestingly, while 2DG-induced MYC upregulation was
prevented by ablation of elF4E (Fig. 2l), the increased levels
of MYC following oxidative stress were not altered by neither
elFAE knockdown nor inhibition of general protein synthesis
with cycloheximide (CHX) (Fig. 2L, M), suggesting that the latter
form of stress promotes MYC stabilization rather than its
translation.
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MYC upregulation and decreased cell proliferation also occurred also in this context along with inhibition of general protein
in SCR and IRES-deleted HCT116 cells treated with 2DG synthesis (Supplementary Fig. 2G, H).
(Supplementary Fig. 2E, F), whereas H,O, did not induce Overall, our results demonstrate that the presence of the
upregulation of MYC and caused reduction of cell proliferation sequence considered as MYC IRES does not regulate MYC
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Fig.3 MYC UR provides resistance to PI3K inhibition. A Immunoblot of HCT116 SCR and AUR cells treated with DMSO (0) or BKM120 at the
indicated concentrations for 24 h and stained with the indicated antibodies. B HCT116 SCR and AUR cells were treated with 0.5 pM BKM120
and counted after 48 h. Data are shown as fold change relative to vehicle (DMSO) treated cells (n = 3). C Immunoblot of Poly ADP-Ribose
Polymerase-1 (PARP) full length (FL) or cleaved (CL) in HCT116 SCR and AUR cells treated with 1 pM BKM120 or vehicle (DMSO) for 48 h.
fB-actin, loading control. D Cell proliferation assay in HCT116 cells expressing two different MYC shRNAs, treated with 0.5 pM BKM120 or
vehicle (DMSO) for 72 h. Cell proliferation is represented as fold change relative to DMSO-treated cells (n = 3). E Immunoblot of HCT116 cells
expressing two different MYC shRNAs and control (shSCR), and treated with 1 uM BKM120 or vehicle (DMSO) for 24 h. F Cell proliferation assay
using HCT116 AUR cells infected with a doxycycline-inducible lentivirus overexpressing human MYC coding sequence (AUR TetON-MYC).
After selection with puromycin, cells were treated with 0.5 pM BKM120 and/or 1pg/mL doxycycline (DOXY) or vehicle (BKM120: DMSO;
doxycycline: H,0) for 72 h. Cell proliferation is represented as fold change relative to DMSO-treated cells (n=5). G Immunoblot of
HCT116 AUR TetON-MYC cells treated with 1 pM BKM120 and/or 1 pg/mL doxycycline (DOXY) or vehicle (BKM120: DMSO; doxycycline: H,0)
for 24 h. H Tumor growth over time of HCT116 SCR (left panel) and AUR (right panel) cells subcutaneously implanted in the flanks of CD1 nude
mice measured every three days (n = 6). | Photographs of HCT116 SCR (left panel) and AUR (right panel) cell tumor masses explanted at the
end of the xenograft experiment. J Weight of the tumor masses of HCT116 SCR and AUR cells explanted from mice flanks at the moment of
sacrifice (n = 6). K Quantification of TUNEL-positive cells. The apoptotic ratio was defined as the fraction of TUNEL-positive cells per total cells
counted. L Immunohistochemistry performed on the xenograft tumor masses previously fixed in formalin and paraffin embedded. Scale bar
25 pm. M Immunoblot performed using tumors from panel I. Data represent the mean + SD of at least three experiments, each performed in
triplicate. ns=not significant (p > 0.05), *p < 0.05, **p < 0.01, ****p < 0.000,1 by One-way ANOVA followed by post-hoc Tukey’s multivariate

analysis.

translation and tumor cell proliferation in response to stress.
Therefore, from here on, we will refer to this sequence as MYC
upstream region (MYC UR).

MYC UR induces MYC upregulation and confers resistance to
PI3K inhibition

A previous study [37] showed that the dual PI3K/mTOR
inhibitor BEZ-235 increases MYC protein content, an effect
that was attributed to the engagement of MYC IRES-translation
[37, 41]. Based on these results, we studied the effect of
increasing doses of the clinically tested pan-class | PI3K
inhibitor BKM120 [42], in PI3K-mutated SCR and AUR HCT116
cells. MYC protein content was significantly upregulated by
PI3K inhibition in SCR, but not in AUR cells (Fig. 3A). The
efficacy of inhibition of the PI3K pathway was confirmed by the
abrogation of AKT phosphorylation. Similarly, shRNA-mediated
deletion of PI3K caused a robust increase of MYC protein
content in SCR but not in AUR cells (Supplementary Fig. 3A).
The activity of PI3K signaling in SCR and AUR cells did not
appear to be different (Fig. 3A).

We next wondered whether this mechanism is involved in
conferring resistance to PI3K inhibitors. As shown in Fig. 3B, the
proliferation rate of SCR cells was not significantly affected by
BKM120, whereas it was robustly reduced in AUR cells. Accom-
panying the reduced proliferation, we observed increased
apoptosis in AUR cells, documented by the increase of PARP
cleavage compared to SCR cells (Fig. 3C).

Upon shRNA-mediated knockdown of MYC, control cells
became sensitive to BKM120-mediated inhibition (Fig. 3D), and
this was associated to increased PARP cleavage (Fig. 3E). By
contrast, overexpression of MYC in UR-deleted cells restored
resistance to PI3K inhibitors (Fig. 3F) and prevented apoptosis
(Fig. 3G), demonstrating that MYC is required for the differential
response of SCR and UR-deleted cells to PI3K inhibition.

Next, we grafted SCR and AUR cells into the flanks of athymic
nude mice, and when tumors reached the volume of 100 mm?, we
treated mice with 30 mg/kg BKM120 via oral gavage for an
additional 15 days.

As shown in Fig. 3H, SCR tumors treated with BKM120 did not
show a significant difference of the growth rate when compared
to tumors treated with vehicle control. At the end of the
experiment, their volumes and weights were not significantly
different (Fig. 3l, J), the percentage of TUNEL-positive cells
demonstrated no significant elevation (Fig. 3K, L), there was a
similar expression of Ki67 (Fig. 3L), and MYC content was
significantly induced (Fig. 3L, M). By contrast, treatment with
BKM120 robustly inhibited the growth of AUR tumors (Fig. 3H, I),
significantly increased the percentage of TUNEL-positive cells
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(Fig. 3K, L) alongside a decrease of Ki67 positive cells (Fig. 3L),
while it did not change the levels of MYC (Fig. 3L, M).
Collectively, these data demonstrate that MYC UR confers
resistance to PI3K inhibitors in CRC models by upregulating MYC
content, an effect that can be abrogated by deletion of the UR.

PI3K inhibition promotes the increase of MYC content via
FOXO3a-dependent transcription and stabilization

We next investigated the UR-mediated mechanism of MYC
upregulation in response to PI3K inhibitors.

Interference of elF4E completely inhibited the induction of MYC
protein in the presence of BKM120 (Fig. 4A), supporting previous
observations [43], and demonstrating that the BKM120-induced
upregulation of MYC is mediated by MYC UR (Fig. 3A), but not
through a cap-independent mechanism.

To determine if BKM120 induces changes in MYC mRNA
translation, we performed polysomal fractionation. While the
association of MYC mRNA to polyribosomes was not significantly
changed in both BKM120-treated SCR and AUR cells (Fig. 4B),
there was a decrease of global translation efficiency (as defined by
the ratio of polysome:monosome association) in both SCR and
AUR cells treated with BKM120 (Supplementary Fig. 4A). In
addition, the association of f-actin mRNA specifically with
polysomes was decreased (Supplementary Fig. 4B) and the
phosphorylation levels of 4EBP and S6 were reduced in response
to the drug (Supplementary Fig. 4C). Therefore, these data suggest
that while general initiation is inhibited, MYC translation is
maintained, and its mRNA content increased. Consistent with this
possibility, treatment with BKM120 significantly induced MYC
mMRNA levels in SCR but not in AUR cells (Fig. 4Q).

Analysis of cells treated with the transcriptional inhibitor
actinomycin D (ActD) showed no difference in MYC mRNA stability
between control and BKM120-treated SCR and AUR cells
(Supplementary Fig. 4D), thus indicating that BKM120 could
induce MYC transcription.

To further validate this observation, we transfected CRC cells
with a luciferase reporter vector containing MYC promoter with or
without the UR region (Fig. 4D) and tested the response to PI3K
inhibition by luciferase assay. Treatment with BKM120 induced a
significant increase of luminescence only in cells transfected with
the reporter plasmid containing MYC UR, but not in those
transfected with the construct lacking this region (Fig. 4D). Also,
ActD prevented the BKM120-mediated increase of luciferase
activity (Supplementary Fig. 4E), confirming that PI3K inhibition
increases MYC transcription through the UR region.

Previous observations indicated that FOXO3a, a member of the
Forkhead box O (FOXO) family of transcription factors and
predominantly expressed in colorectal tumor cells is required for

SPRINGER NATURE



R. Bordone et al.

A.

HCT116

shSCR shelF4E

- + - + BKM120
B e [ MYC %
@
2
-- elF4E z
.
p—— === | \/INCULIN =

SCR

8 B2 g= = | ERK

Cell proliferation (fold change)

=% s o #==( VINCULIN

MYC/B-actin mRNA levels
N
MYC/B-actin mRNA levels
N
<
x

-
o

Polysome fractionation

o DMSO
SCR AUR o K120

N W B
s & & o

%mRNA MYC/SPIKE
s

Polysomes  80S 40-60S Free RNA Polysomes  80S 40-60S  Free RNA

AUR
D. e DMSO

e BKM120

| wvcrromoTeR |Mvcur| Lue L

0 025 05 075 1 0 025 05 075 1 00 05 10 15 20 25
BKM120[pM] BKM120[pM] RLU (fold change)
E. F. G.
MYC mRNA °® DMSO HBM_UR_LUC ® DMsO
= BKM120 = BKM120
shSCR shFOXO3a shFOXO3a
#1 #2 *xk ns ns
0 20 Rk sk ns 2 25
[ =
- + - + - + BKM120 3 5 20
- ‘ § 1.5 s —g "
[T S v £ E20s
= E 1o gL
- £ 32
5 oo == | Fox03a § g3 10
) g 58
I gos £ 05
0.0 0.0
shSCR  shFOXO3a shFOXO3a ShSCR  shFOXO3a shFOXO3a
#2 #1 #2
H. I
Luciferase assay ChIP
ns ns
kK Kk KRRk
ns ns
kKK KKK 1 [
4 20 *kkk NS ns ns
@ *k *kk e EMPTY 2 ® SCRDMSO
E,.; = FOX03%a 25 15 o SCRBKM120
=8 FOX03a £ ¢ AURDMSO
5§ Y osBkmi2o €2 4 © AURBKM120
£52 ES
3
] gz
g€, o€ °
] s
o | 0
Igg FOXO03a lgg FOXO3a
HBM_LUC HBM_UR_LUC IRE_LUC
MYC promoter Neg CTRL
J. K. L.
8 DMSO BKM120
-+ - + BKMI120 S \ o m*gc
Fedkok © 3
- - + + TRAM < . o
dekkk o © o
: |
- we | MYC 15 £ £ o Ay
ns onx 3 L
©0 P-ERK [—| =
- N S
c |—- (Thr202/Tyr204) = 4, £ §
(3] L ?
I 21
£
@
a
3
o
=

»
°

DMSO BKM120 TRAM BKM120
+TRAM

TRAM BKM120+TRAM

the elevation of MYC content in response to the dual PI3K/mTOR knockdown of FOXO3a abrogated BKM120-induced upregulation of
inhibitor BEZ-235 [37]. Based on these observations, we tested if MYC protein and mRNA, as well as the BKM120-mediated increase of
FOXO03a could be involved in the observed transcriptional response of luciferase activity of the reported construct containing MYC promoter
MYC to BKM120 through the UR. Consistent with this hypothesis, and the UR region (HBM_UR_LUCQ) (Fig. 4E-G).
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Fig. 4 PI3K inhibition enhances MYC transcription via MYC UR. A Immunoblot of HCT116 cells after lentiviral mediated knockdown of elF4E
(shelF4E) or control (shSCR) for 72 h, then treated with 1 M BKM120 or vehicle (DMSO) for 24 h. B QPCR analysis of MYC mRNA after polysome
fractionation of HCT116 SCR and AUR cells treated with 1 uM BKM120 or vehicle (DMSO) for 24 h. A synthetic spike-in RNA was added to each
fraction before RNA extraction and used as loading control (n = 4). C QPCR analysis of MYC mRNA in HCT116 SCR and AUR cells treated with
BKM120 or vehicle (DMSO, point 0) at the indicated concentrations for 24 h. f-actin mRNA levels were used to normalize the data (n =4).
D Luciferase assay performed in HCT116 cells transfected with a plasmid harboring the luciferase reporter gene under the control of MYC
promoter (HBM_LUC) or the same plasmid with MYC UR region inserted between MYC promoter and the luciferase open reading frame
(HBM_UR_LUCQ) (left panel) and treated with 1 pM BKM120 or vehicle (DMSO) for 24 h (right panel) (n = 3). Left panel created in BioRender.
E Immunoblot showing HCT116 cells after lentiviral mediated knockdown of FOXO3a with two different shRNAs (shFOXO3a#1 and
shFOX03a#2) or control (shSCR) and treated with 1 pM BKM120 or vehicle (DMSO) for 24 h (n = 2). F QPCR analysis performed in HCT116 cells
described in panel E to evaluate MYC mRNA expression levels. f-actin mRNA levels were used to normalize the data (n = 2). G Luciferase assay
performed in HCT116 cells after lentiviral mediated knockdown of control (shSCR) or two different shRNAs targeting FOXO3a (shFOXO3a#1
and shFOX03a#2), then transfected with HBM_UR_LUC plasmid and treated with 1 pM BKM120 or vehicle (DMSO) for 24 h (n = 3). H Luciferase
assay in HCT116 cells transfected with HBM_LUC, HBM_UR_LUC, or IRE_LUC as a positive control and co-transfected with a vector expressing
human FOXO3a and/or treated with 1 uM BKM120 or vehicle (DMSO) for 24 h (n = 3). I Chromatin immunoprecipitation performed in HCT116
SCR and AUR cells. FOXO3a recruitment after 24 h administration of 1 pM BKM120 or vehicle (DMSO) is shown on MYC promoter or on a
5000 bp region located upstream the FOXO3a binding site on MYC promoter used as negative control (n = 2). J Immunoblot of HCT116 SCR
and AUR cells treated for 24 h with vehicle (DMSO), 1 pM BKM120, 10 nM trametinib (TRAM) or a combination of the two drugs. K Proliferation
assay of HCT116 cells treated for 48 h with vehicle (DMSO), 0.5 uM BKM120, 5 nM trametinib (TRAM) or a combination of BKM120 and TRAM at
the same concentrations (n = 3). L Representative images of intestinal tumor organoids isolated from the small intestine of APCM™ mice and
treated with vehicle (DMSO), 0.5 pM BKM120, 5 nM trametinib (TRAM) or BKM120 and TRAM in combination for 72 h. Data represent the
mean = SD of at least three experiments, each performed in triplicate. ns=not significant (p > 0.05), *p < 0.05, **p < 0.01, ****p < 0.000,1 by
One-way ANOVA followed by post-hoc Tukey’s multivariate analysis.

Overexpression of FOX03a increased the activity of the same
construct, and of a luciferase reporter construct containing a
canonical FOXO binding site (insulin response element, IRE) in its
promoter region, and the increase was further enhanced by
BKM120 treatment. Conversely, exogenous FOXO3a failed to
increase the activity of a promoter construct containing MYC
promoter but lacking the UR region (Fig. 4H).

Chromatin immunoprecipitation (ChIP) experiments demon-
strated that FOXO3a is recruited over to the MYC promoter, and
that the association is increased by BKM120 in SCR but not in UR-
deficient cells (Fig. 4l).

Collectively, these data demonstrate that the increase of MYC
mMRNA in response to BKM120 is mediated by FOXO3a and
requires the UR region.

Since it was shown that dual PI3K/mTOR blockade also causes a
FOXO3a-mediated increase of MYC protein content through a
crosstalk with MEK-MAPK axis [37], we wondered whether this
mechanism contributes to the elevation of MYC protein levels in
response to PI3K inhibition.

In keeping with this hypothesis, treatment with BKM120 caused
increased phosphorylation of the MEK1 substrate ERK and MYC
upregulation, while MEK inhibition with the clinically approved
MEK1/2 inhibitor trametinib [44] prevented the increase of MYC
protein (Fig. 4J). Since the BKM-induced elevation of MYC mRNA
was not modified by MEK inhibition (Supplementary Fig. 4F), we
hypothesized that MAPK signaling could increase MYC levels by
enhancing protein stability. Consistent with this idea, the half-life
of MYC in BKM120-treated cells was significantly reduced by
trametinib (Supplementary Fig. 4G).

Supporting the notion that this MEK-mediated crosstalk
contributes to the resistance to PI3K inhibition, treatment of
human CRC cells or mouse intestinal tumor organoids with
BKM120 failed to inhibit cell proliferation, while co-incubation with
trametinib induced a strong antiproliferative response in both
models (Fig. 4K, L and Supplementary Fig. 4H).

Together, these findings demonstrate that BKM120 promotes
an increase of MYC content via FOXO3a-dependent transcription
and stabilization, a process that confers resistance to PI3K
inhibitors and requires the UR region.

MYC UR promotes resistance to PI3K inhibitors by inducing an
autophagic response

We next sought to understand how the UR-induced upregulation
of MYC confers resistance to BKM120. Since previous works
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suggest that a common mechanism to escape the antitumor
effect of targeted drugs, including PI3K inhibitors, is the induction
of autophagy [45-48], we wondered whether MYC UR is
connected to this cellular process.

Staining with lysotracker probes showed that BKM120 strongly
enhanced acidic cellular organelles in SCR, but not in AUR cells,
suggesting that the drug induces autophagy-associated lysosomal
activity only in the presence of the UR (Fig. 5A).

To confirm that the observed effect could be attributed to
increased autophagic flux and formation of autolysosomes, we
used the mCherry-GFP-LC3 reporter system [49]. Treatment with
BKM120 significantly increased the number of red puncta
(autolysosomes) in SCR but not AUR cells, while the autophagy
inhibitor bafilomycin A, used as control, enhanced the formation
of yellow puncta (autophagosomes), demonstrating that PI3K
blockade increases the autophagic flux via MYC UR (Fig. 5B).
Consistently, the protein p62, which is degraded when autophagy
is induced [50], was reduced after BKM120 treatment in SCR cells,
while it was unchanged in cells lacking the MYC UR (Fig. 5C). As
expected, this reduction in p62 protein levels in response to
BKM120 treatment was not due to decreased transcription
(Supplementary Fig. 5A).

To ascertain that BKM120-induced autophagy requires the
upregulation of MYC, we ablated MYC expression through its
lentiviral-mediated knockdown. BKM120 failed to induce autop-
hagy and p62 downregulation in MYC-deficient cells (Fig. 5D, E).

Accordingly, overexpression of MYC restored the autophagic
response (Fig. 5F) and decreased p62 protein levels (Fig. 5G) in
BKM120-treated UR-deleted cells.

Together, these data demonstrate that the UR-mediated
upregulation of MYC that follows PI3K inhibition (Fig. 5C) induces
an autophagic response that sustains drug resistance.

Since previous studies found that MYC occupies a cluster of
autophagy-related gene promoters [51], we measured the levels
of these target genes in BKM120-treated vs untreated cells. As
shown in Fig. 5H, all these transcripts were induced by BKM120
treatment in SCR, but not in AUR cells, indicating their possible
involvement in the observed effect.

Inhibition of UR-mediated autophagy overcomes resistance to
PI3K inhibitors

Having found that MYC-induced autophagy is the key mechanism
responsible for resistance to BKM120, we asked if blockade of this
mechanism could provide therapeutic benefit in CRC models.
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Exposure of PI3K-resistant human HCT116 CRC cells (Fig. 6A, C)
or mouse tumor intestinal organoids (Fig. 6E) to the autophagy
inhibitors bafilomycin A (BafA) or chloroquine (CQ) abrogated
the resistance to PI3K inhibition and induced apoptotic cell
death (Fig. 6B, D).
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To validate these observations in relevant pathophysiologi-
cal models, we tested CRC stem cells derived from five different
patients [52]. We found that two of them were resistant to PI3K
inhibition and that the response correlated with the levels of
MYC, being higher and upregulated by BKM120 in the two
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Fig. 5 Resistance of CRC cells to PI3K inhibitors is linked to MYC-mediated increase of autophagy. A Representative confocal images of
HCT116 SCR and AUR cells treated with 1 pM BKM120 or vehicle (DMSO) for 24 h and stained with the fluorescently labeled lysosomal probe
Lysotracker Red 30 min before imaging. DAPI (blue) was used to counterstain nuclei (Scale bar 10 um). B Representative confocal images of
HCT116 SCR and AUR cells transduced with the lentivirus expressing the mCherry-GFP-LC3 and treated with vehicle (DMSO), 1 pM BKM120, or
10nM bafilomycin A (BafA) for 24 h. Yellow puncta indicate autophagosomes (mCherry + /GFP +) while autolysosomes are in red
(mCherry + /GFP — ). Scale bar 10 pm. C Left panel: Immunoblot showing HCT116 SCR and AUR cells treated with 1 pM BKM120 for 24 h or
vehicle (DMSO); Right panel: Densitometric analysis representing p62/p-actin optical density of three independent experiments.
D Representative confocal images of HCT116 cells after MYC lentiviral mediated knockdown with two different shRNAs (shMYC#1 and #2)
or control (shSCR) for 72 h then treated with 1 pM BKM120, or vehicle (DMSO) for 24 h and stained with the fluorescently labeled lysosomal
probe Lysotracker Red 30 min before imaging. DAPI (blue) is a nuclear counterstain. Scale bar 10 pm. E Immunoblot showing HCT116 cells
treated with vehicle (DMSO) or 1 pM BKM120 for 24 h after two different lentiviral-mediated knockdowns of MYC for 72 h. F Representative
confocal images of HCT116 AUR cells transduced with a lentivirus expressing doxycycline-inducible MYC coding sequence and selected with
puromycin to obtain a stable cell line (AUR TetON-MYC). Cells were treated with either vehicle (BKM120: DMSO; doxycycline: H,0), 1 uM
BKM120 and/or 1 pg/mL doxycycline to induce MYC expression. Lysotracker Red was added 30 min before imaging and DAPI (blue) is a
nuclear counterstain. Scale bar 10 pm. G Immunoblot of HCT116 AUR TetON-MYC cells treated with 1 pM BKM120 and/or 1 ug/mL doxycycline
or vehicle (BKM120: DMSO; doxycycline: H,O) for 24 h. H Heatmap of mRNA expression analyzed by QPCR of autophagy-related genes (NBR1,
LAMP-1, TFE3, and NEU1) relative to p-actin in HCT116 SCR and AUR cells treated with vehicle (DMSO) or 1 uM BKM120 for 24 h (n = 3). Data
represent the mean £SD of at least three experiments, each performed in triplicate. ns=not significant (p > 0.05), *p <0.05, **p <0.01,

:‘**p <0.000,1 by One-way ANOVA followed by post-hoc Tukey’s multivariate analysis.

resistant clones (Supplementary Fig. 6A, B, C). We selected
clone 21 (CSphC#21) and tested their response to PI3K and
autophagy inhibitors. In agreement with our findings, treat-
ment of CSphC#21 with BKM120 induced a decrease of p62
protein content (Fig. 6F) and neither BKM120 nor chloroquine
administered individually significantly altered cell proliferation
or tumorsphere formation, while the combination resulted in a
robust inhibition of proliferation and sphere-forming capability
(Fig. 6G and Supplementary Fig. 6D). Likewise, the clone 21
cells grown in a three-dimensional scaffold of Matrigel
demonstrated a similar sensitivity to the combination treat-
ment of BKM120 and CQ, but to neither of the drugs
individually (Fig. 6H, I).

We then grafted the cells into CD1 nude mice, and when
tumors became palpable, animals were divided into 4 groups
treated with: (1) 30 mg/kg BKM120, (2) 30 mg/kg chloroquine, (3) a
combination of the two drugs, or (4) vehicle alone.

As shown in Fig. 6J, compared to vehicle and individual
treatments, only the combination of BKM120 with CQ caused a
significant reduction of tumor growth. The combination treatment
was associated to a significant reduction of Ki67-positive cells and
increased apoptosis, documented by the higher percentage of
TUNEL-positive cells (Fig. 6K), as well as by the increase of PARP
cleavage (Fig. 6L).

Collectively, these data demonstrate that inhibition of autop-
hagy abrogates the resistance to PI3K inhibitors in preclinical
models of CRC.

Resistance to PI3K inhibitors depends on MYC UR
translocation in Burkitt Lymphoma cells

Once we defined the mechanism of resistance to PI3K inhibition,
we hypothesized that Burkitt Lymphoma (BL) cells could be a
pathophysiologically relevant model of MYC UR deletion because
they frequently undergo a MYC/IGH t(8;14)(q24;q32) translocation
[53] with or without the first exon of MYC, which contains the UR
region.

Hence, we wondered if the response to various cellular stress
inducers and the mechanisms of UR-mediated resistance to PI3K
inhibitors could be validated in two cell lines characterized by the
presence or absence of the translocated MYC UR: Raji and DG75
cells, respectively [54, 55] (Fig. 7A).

Treatment with the cell stressors thapsigargin, MMC, 2DG, and
H,0, caused a reduction of general translation and MYC protein
levels (Supplementary Fig. 7A-H), likely because the mechanisms
of the integrated stress response (IRS) that maintain MYC
translation during stress are impaired after chromosomal
rearrangements.
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However, in keeping with the observations in CRC cells, MYC
levels and the proliferation rate after various treatments were
identical in UR-translocated and non-translocated cells, arguing
against the possibility that this region could function as a key
regulator of MYC translation and cell survival under stress also in
this context.

Consistent with the data in CRC cells, in UR-translocated Raji
cells, MYC protein and mRNA levels (Fig. 7B, C) as well as MYC-
regulated autophagy targets (Fig. 7D) were induced by BKM120
treatment. Consequently, the autophagic flux was enhanced, as
revealed by the increased lysotracker staining (Fig. 7E), of the
red puncta after transduction of the lentivirus expressing
mCherry-GFP-LC3 reporter (Fig. 7F), and the decreased p62
protein levels (Fig. 7G and Supplementary Fig. 7). This MYC-
induced increase of autophagic flux was associated to
resistance to BKM120 that was counteracted when autophagy
was inhibited with chloroquine (Fig. 7H) or bafilomycin A
(Supplementary Fig. 7J) due to increased apoptosis (Fig. 7J).
Conversely, in DG75 cells lacking MYC UR translocation,
BKM120 alone induced a significant antiproliferative response
(Fig. 7H) associated to apoptosis (Fig. 7I) and failed to
upregulate MYC and its targets as well as to induce the
autophagic response (Fig. 7B-7F). Notably, upon exogenous
expression of MYC with a tetracycline-inducible vector, DG75
cells became resistant to BKM120 treatment (Fig. 7K) and
autophagic flux was restored, as documented by the enhanced
lysotracker staining (Fig. 7L) and decrease of p62 protein levels
(Fig. 7M). Consequently, apoptosis was prevented, as shown by
the unchanged levels of PARP cleavage (Fig. 7N).

Taken together, these results demonstrate that translocation of
MYC UR along with its open reading frame (ORF) confers
resistance to BKM120 treatment in BL cells, while in the absence
of UR translocation, cells are vulnerable to PI3K inhibitors.

DISCUSSION

In the present work we have demonstrated that the portion of
MYC referred as IRES, instead of regulating translational internal
initiation, functions as a central transcriptional hub, mediating
resistance of colorectal cancer cells to PI3K inhibitors.

Aberrant activation of PI3K/AKT signaling is a key tumorigenic
event associated to 60-70% of CRC and may result from activating
mutations of PI3K, increased extracellular TKR ligands, activated
Ras, or loss of function of the phosphatase PTEN [56]. For this
reason, many compounds inhibiting PI3K have been or are being
developed and tested in preclinical models and in clinical trials of
CRC [571.
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In most cases, PI3K inhibitors, including the pan-acting class |
PI3K inhibitor BKM120 used in this study, have been tested in
phase | clinical trials in CRC patients, alone or in combination,
showing a good safety profile [56, 57]. However, due to the
documented activation of compensatory mechanisms, leading to
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resistance, there is still concern about the efficacy of these drugs.
In this work we have confirmed that BKM120 is inefficacious in
preventing the growth of colorectal cancer cells and we have
discovered that a key mechanism responsible of the observed
drug resistance is the increase of autophagic flux.
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Fig.6 Autophagy blockade overcomes CRC resistance to PI3K inhibitors. A Proliferation assay of HCT116 cells treated with vehicle (DMSO),
0.5 pM BKM120, 2 nM bafilomycin A (BafA) or with the two drugs in combination (BKM120-+BafA) for 72 h. Data are normalized to DMSO-
treated cell number (n = 3). B Immunoblot documenting Poly ADP-Ribose Polymerase-1 (PARP) full length (FL) or cleaved (CL) in HCT116 SCR
cells treated with vehicle (DMSO), 1 uM BKM120 and/or 4 nM bafilomycin A (BafA) for 72 h. C Proliferation assay of HCT116 cells treated with
vehicle (BKM120: DMSO; CQ: H,0), 0.5 pM BKM120, 2 nM chloroquine (CQ) or with the two drugs in combination (BKM120 + CQ) for 72 h. Data
are normalized to DMSO-treated cell number (n =4). D Immunoblot documenting Poly ADP-Ribose Polymerase-1 (PARP) full length (FL) or
cleaved (CL) in HCT116 SCR cells treated with vehicle (BKM120: DMSO; CQ: H,0), 1 pM BKM120 and/or 2 nM chloroquine (CQ) for 72 h. E Left
panel: Representative images of intestinal tumor organoids isolated from the small intestine of APCM™"/" mice treated with vehicle (BKM120,
BafA: DMSO; CQ: H,0), 0.5 pM BKM120, 2 nM bafilomycn A (BafA), 2 nM chloroquine (CQ) and BKM120 in combination with BafA or CQ for 48 h.
Right panel: Distribution of intestinal tumor organoids diameters measured using ImagelJ. F Immunoblot of human tumorspheres (CSphC#21)
derived from a patient with colorectal cancer treated with 1 pM BKM120 or vehicle (DMSO) for 24 h. G Proliferation assay in human
tumorspheres (CSphC#21) derived from a colorectal cancer patient treated for 72 h with vehicle (BKM120: DMSO; CQ: H,0), 0.5 puM BKM120,
2nM chloroquine, and the two drugs in combination. Data are expressed as fold change relative to DMSO-treated cells (n=3).
H Representative images of human tumor organoids derived by 3D-cultured CSphC#21 in a Matrigel scaffold then treated with vehicle
(BKM120: DMSO; CQ: H,0), 0.5 pM BKM120, 2nM CQ, or in combination for 72 h. Scale bar 200 pm. I Distribution of diameters of tumor
organoids derived by 3D-cultured CSphC#21 in a Matrigel scaffold then treated with vehicle (BKM120: DMSO; CQ: H,0), 0.5 pM BKM120, 2 nM
CQ, or in combination for 72h. Scale bar 200 pm. Organoid diameters measured using Imagel. J Tumor growth over time of
CSphC#21 subcutaneously implanted in the flanks of CD1 nude mice measured every three days. Mice were daily treated with 30 mg/kg
BKM120 dissolved in 90% corn oil, 10% DMSO by oral gavage and/or 30 mg/kg chloroquine (CQ) in saline by IP injection, or vehicle (BKM120:
90% corn oil, 10% DMSO oral gavage; CQ: 0.9% normal saline IP injection). K Representative pictures of CSphC#21 tumors at the day of
sacrifice, TUNEL assay documenting cell death and immunohistochemistry for Ki67 performed on tumor masses previously fixed in formalin
and paraffin embedded. H&E: Hematoxylin and Eosin. Scale bar 100 pm. L Immunoblot documenting full length (FL) and cleaved (CL) PARP
levels of the tumors from the patient-derived xenograft described in panel J. Data represent the mean + SD of at least three experiments, each
performed in triplicate. ns = not significant (p > 0.05), *p < 0.05, **p < 0.01, ***p < 0.001 ****p < 0.000,1 by One-way ANOVA followed by post

hoc Tukey’s multivariate analysis.

Many observations have shown that autophagy is an important
mechanism exploited by cancer cells to survive to chemotherapy
and targeted therapy [58], leading to the conclusion that targeting
autophagy with specific inhibitors might represent a valuable
strategy to overcome drug resistance [59].

Consistent with this notion, we have observed that PI3K-
mutated CRC cells are resistant to BKM120 treatment, which
induces a robust increase of autophagy associated to enhanced
MEK/ERK signaling.

Previous observations in lung cancer cells showed the ability of
BKM120 to induce autophagy with the contribution of similar
signaling routes, and the effectiveness of the combination therapy
with MEK or autophagy inhibitors [48]. However, the mechanisms
underlying the increased autophagic flux were not clarified.

Since PI3K-AKT axis activates mTOR through TSC2 and Rheb, and
since mTOR is known to trigger the autophagic flux via ULK1 and
AMBRAT, it would be expected that BKM120 treatment induces
autophagy simply by preventing mTOR activation. However, in this
work we demonstrate that the increase of MYC content, which occurs
through FOXO3a-dependent transcriptional activation mediated by its
UR, is necessary to induce autophagy and to mediate this mechanism
of resistance, as demonstrated in cells lacking MYC UR that do not
activate autophagy in response to BKM120.

In a previous work, MYC was shown to be involved in
autophagosome formation in the early stages of autophagy [60],
while in another report it was shown that MYC occupies the
promoter region of key target genes involved in lysosomal
biogenesis and autophagy [51]. Consistently, we have observed
that the PI3K-mediated induction of autophagy is abrogated in
the absence of MYC and that BKM120 induces a MYC-mediated
autophagic transcriptional program. Moreover, since the blockade
of this compensatory response with autophagy inhibitors
successfully abrogates resistance to PI3K inhibitors in relevant
in vivo models, these data provide a rationale for the use of the
dual blockade of PI3K and autophagy in PI3K-activated colorectal
cancers.

It would be important to understand whether PI3K resistance
correlates with the loss of exon 1/UR region and/or with MYC
upregulation of human CRC patients, by consulting publicly available
databases. However, since the use of PI3K inhibitors has not been
approved for CRC yet, this analysis is not feasible at the moment, but
will most certainly represent an important future goal.

Oncogene

Excitingly, our data unveil that this mechanism may also
represent a novel avenue in the treatment of Burkitt Lymphoma,
the fastest growing human tumor that accounts for 40% of the
yearly diagnosed childhood non-Hodgkin’s Lymphoma in the
United States of America [61]. While the disease is a highly
treatable malignancy, 10% of patients are still resistant to current
therapies [62, 63]. The sensitivity of Burkitt Lymphoma cells
lacking the MYC UR to PI3K inhibition in a genomic context is
novel, and worth further investigation. Here, we have identified a
sensitivity to PI3K inhibition in translocation-specific cases of
Burkitt Lymphoma. Mechanistically, we found that if the
translocated MYC CDS is disjoint from the regulatory MYC UR,
the cells cannot induce a MYC-dependent autophagic adaptation
in response to PI3K inhibition, and subsequently suffer from a
robust antiproliferative response.

Despite BL being a highly treatable disease, children diagnosed as
clinically high-risk (risk groups R3 and R4) were found to have relapse
rates exceeding 15%, and survival rate at relapse of a mere 20% [64].
In the referenced investigation, authors found that among clinically
high-risk children, 44% had translocations within intron 1 or exon 1 of
MYC. In another investigation, 62% of pediatric patients with sporadic
BL exhibited a translocation within intron 1 or exon 1 of MYC [65]. This
could imply that a significant proportion of children with the highest
relapse rate of BL and with the lowest survival rates at relapse could
potentially benefit from PI3K-targeted chemotherapy. As of now, the
use of PI3K inhibitors in a clinical trial of Burkitt Lymphoma has not
been attempted. The results presented here would then suggest a
potential applicability of PI3K inhibition in the treatment of Burkitt
Lymphoma.

MATERIALS AND METHODS

CRISPR/Cas9-mediated deletion of MYC UR

MYC IRES was excised by using short guide RNA (sgRNA) targeting the
region 363 to 94 base-pairs upstream the non-canonical CTG start codon
[17, 18]. The sequences are described in Supplementary Table Il. For
transient expression of Cas9 and sgRNAs, HCT116 and SW620 cells were
transfected with the constructs and selected with puromycin (#ALX-380-
028, Enzo Life Sciences, Farmingdale, NY, USA) for 72 h, then diluted in a
96-well cell plate to allow monoclonal growth, collected, and screened via
PCR using the screening primers described in Supplementary Table II. The
clones identified as homozygous AUR were then subjected to Sanger
sequencing.
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Polysomal fractionation

Polysomal fractionation was performed as previously described [66, 67].
HCT116 and SW620 cells were processed and MYC mRNA distribution in
the differing polysomal fractions were analyzed as previously described
[68]. Synthetic spike-in RNA was used as a normalization control, with 1 ng
added to the pooled fractions immediately before RNA extraction.
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Lentivirus-mediated shRNA knockdown and overexpression

Production of lentiviruses was performed as previously described [69]. To
perform lentiviral transduction, cells were seeded at a density of 2.0 « 10%/
cm? and transduced with lentiviruses the day after with polybrene (8 ug/
mL, #H9268, Sigma-Aldrich, Burlington, MA, USA). Knockdown efficiency
was monitored by RT-qPCR. For overexpression of the Tet-ON 4EBP 4XALA,
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Fig. 7 Autophagic chemoresistance mediated by the MYC UR is abrogated in translocation-specific Burkitt Lymphoma cells. A Left panel:
Schematic of the t(8;14) translocation in Raji and DG75 Burkitt Lymphoma cell lines. Right panel: Schematic demonstrating the juxtaposition
of the MYC UR (yellow) and MYC coding sequence (pink) on the t(8; 14) translocated chromosomes in Raji and DG75 cells. Image created in
BioRender. B Immunoblot showing Raji and DG75 cells treated with 1 uM BKM120 or vehicle (DMSO) for 24 h. C QPCR analysis of Raji and
DG75 cells treated with 1 uM BKM120 or vehicle (DMSO) for 24 h. RPL32 mRNA levels were used to normalize the data (n = 2). D Heatmap of
MRNA expression analyzed by QPCR of autophagy-related genes (NBR1, LAMP-1, TFE3, and NEU1) relative to RPL32 in Raji and DG75 cells
treated with 1 pM BKM120 or vehicle (DMSO) for 24 h (n = 2). E Representative confocal images of Raji and DG75 cells treated with 1 pM
BKM120 or vehicle (DMSO) and stained with the fluorescently labeled lysosomal probe Lysotracker Red for 30 min before imaging. DAPI (blue)
is a nuclear counterstain. Scale bar 10 pm. F Representative confocal images of Raji and DG75 cells transduced with the lentivirus expressing
the mCherry-GFP-LC3 and treated with 1 uM BKM120 or vehicle (DMSO) for 24 h. Yellow puncta indicate autophagosomes (mCherry + /
GFP +) while autolysosomes appear red (mCherry + /GFP — ). Scale bar 10 pm. G Immunoblot of Raji and DG75 cells treated with 1 uM
BKM120 or vehicle (DMSO) for 24 h. H Proliferation assay in Raji (left panel) and DG75 (right panel) cells treated with vehicle (BKM120: DMSO;
chloroquine: H,0), 0.1 pM BKM120, 0.4 nM chloroquine (CQ) or the two drugs in combination (BKM120 + CQ) for 7 days. Data are normalized
to DMSO-treated cell number (n=3). I Immunoblot of Raji and DG75 cells treated with 1pM BKM120 or vehicle (DMSO) for 24 h.
J Representative confocal images of Raji cells treated for 48 h with vehicle (BKM120: DMSO; CQ: H,0), 1 pM BKM120, 2 nM CQ or with the two
drugs in combination, then subsequently fixed in formaldehyde and stained with anti-cleaved caspase-3 antibody (green) and DAPI (blue) as a
nuclear counterstain. Scale bar 10 pm. K Proliferation assay in DG75 cells transduced with a MYC doxycycline-inducible lentivirus (DG75
TetON-MYC) then treated with vehicle (BKM120: DMSO; doxycycline: H,0), 0.1 uM BKM120, 0.1 pg/mL doxycycline, or the two drugs in
combination for 7 days. Data are expressed as fold change relative to DMSO-treated cells (n = 3). L Representative confocal images of DG75
TetON-MYC cells treated with vehicle (BKM120: DMSO; doxycycline: H,O), 1pM BKM120, 0.1 pg/mL doxycycline, or the two drugs in
combination and stained with the lysosomal probe Lysotracker Red for 30 min before imaging. DAPI (blue) is a nuclear counterstain. Scale bar
10 pm. M Immunoblot of DG75 TetON-MYC treated with vehicle (BKM120: DMSO; doxycycline: H,0), 1 pM BKM120, 0.1 pg/mL doxycycline, or
the two drugs in combination for 24 h. N Immunoblot of DG75 TetON-MYC treated with vehicle (BKM120: DMSO; doxycycline: H,0), 1 pM
BKM120, 0.1 pg/mL doxycycline, or the two drugs in combination for 24 h. Data represent the mean +SD of experiments performed in
triplicate. ns = not significant (p > 0.05), *p < 0.05, **p < 0.01, ****p < 0.000,1 by One-way ANOVA followed by post-hoc Tukey’s multivariate

analysis.

cells infected for 72 h were selected via puromycin (5 pg/mL, #ALX-380-
028, Enzo Life Sciences) for 72 h, then treated with 1 ug/mL doxycycline
(#D9891, Sigma-Aldrich) for the indicated times.

Xenograft mouse model

Subcutaneous transplantation of tumor cells was performed as previously
described [68, 70]. Briefly, 1 * 10° cells were resuspended in 50 uL PBS
solution, mixed with equal volume of Matrigel (#354248, Corning,
Corning, NY, USA) and implanted subcutaneously in both flanks of
8-week-old female CD1 athymic nude mice (Charles River Laboratories,
Wilmington, MA, USA). When the tumor volumes reached 100 mm?3, mice
were randomly assigned to different treatment groups, administered
daily by oral gavage for 15 days with 30 mg/kg BKM120 suspended in a
mixture of 90% corn oil and 10% DMSO or the vehicle alone. For the
xenograft of patient-derived Colorectal Cancer stem cells, the animals
underwent the same procedure and administered daily by oral gavage
with 30 mg/kg BKM120 suspended in a mixture of 90% corn oil and 10%
DMSO or the vehicle alone, and an intraperitoneal injection of 30 mg/kg
chloroquine in 0.9% normal saline, or vehicle alone, for 12 days. Animals
were excluded if their health status did not comply with health
regulations. Tumor volume was monitored every 3 days using a caliper
and calculated as V = (L x W?)/2. Growth patterns were summarized
graphically by plotting the mean and SD for each group over time.
Investigators were blind to the treatment groups for ex-vivo analyses. For
in vivo experiments, the number of animals per group was established
using the G-power calculation to guarantee a statistical power of 80%
(alpha error <0.05) for pairwise mean differences of at least 1.5 standard
deviations (effect size).

Animal studies were performed according to the European Community
Council Directive 2010/63/EU. The study was carried out under the
approval of the Institutional Animal Care Committee and by the Ministry of
Health.

Intestinal tumor organoids

Intestinal tumor organoids were established as described [71]. Briefly, small
intestine was explanted from a 17-week-old male APCM"*/~ mouse and
tumors were isolated using a dissecting microscope. Tumors were
incubated in EDTA chelation buffer for 60 min on ice, then digested in
200 U/mL type IV collagenase and 125 pug/mL type Il dispase. Single cells
were suspended in 5mg/mL Matrigel and cultured in basal culture
medium (100 pg/mL Primocin (#ant-pm-05, InvivoGen, San Diego, CA,
USA), 10mmol/L  HEPES, 2mM Glutamax, 1xN2 supplement,
1xB27 supplement, 1T mmol/L N-acetylcysteine in Advanced Dulbecco’s
Modified Eagle Medium/F12) containing 50 ng/mL murine EGF. Treatments
were added at the indicated concentrations to the basal culture medium
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after seeding and pictures were taken after 48 or 72 h. Tumoroids diameter
was measured using ImageJ 1.54 f software.

DATA AVAILABILITY
All data generated during and/or analyzed during the current study are available
from the corresponding author on reasonable request.
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