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High mobility group A1 protein modulates autophagy in
cancer cells

Andrea Conte', Simona Paladino'?, Gaia Bianco'*, Dominga Fasano', Raffaele Gerlini'*, Mara Tornincasa'®, Maurizio Renna®,
Alfredo Fusco*', Donatella Tramontano*' and Giovanna Maria Pierantoni*’

High Mobility Group A1 (HMGAT1) is an architectural chromatin protein whose overexpression is a feature of malignant neoplasias
with a causal role in cancer initiation and progression. HIGA1 promotes tumor growth by several mechanisms, including increase
of cell proliferation and survival, impairment of DNA repair and induction of chromosome instability. Autophagy is a self-
degradative process that, by providing energy sources and removing damaged organelles and misfolded proteins, allows cell
survival under stress conditions. On the other hand, hyper-activated autophagy can lead to non-apoptotic programmed cell death.
Autophagy deregulation is a common feature of cancer cells in which has a complex role, showing either an oncogenic or tumor
suppressor activity, depending on cellular context and tumor stage. Here, we report that depletion of HMGA1 perturbs autophagy
by different mechanisms. HMIGA1-knockdown increases autophagosome formation by constraining the activity of the mTOR
pathway, a major regulator of autophagy, and transcriptionally upregulating the autophagy-initiating kinase Unc-51-like kinase 1
(ULK1). Consistently, functional experiments demonstrate that HIGA1 binds ULK1 promoter region and negatively regulates its
transcription. On the other hand, the increase in autophagosomes is not associated to a proportionate increase in their maturation.
Overall, the effects of HMIGA1 depletion on autophagy are associated to a decrease in cell proliferation and ultimately impact on
cancer cells viability. Importantly, silencing of ULK1 prevents the effects of HWGA1-knockdown on cellular proliferation, viability
and autophagic activity, highlighting how these effects are, at least in part, mediated by ULK1. Interestingly, this phenomenon is
not restricted to skin cancer cells, as similar results have been observed also in HeLa cells silenced for HWGA1. Taken together,
these results clearly indicate HMGA1 as a key regulator of the autophagic pathway in cancer cells, thus suggesting a novel
mechanism through which HMGA1 can contribute to cancer progression.
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The High Mobility Group A (HMGA) family includes three
proteins: HMGA1a, HMGA1b, (encoded by the same gene
through alternative splicing) and HMGA2." These proteins
bind the minor groove of AT-rich DNA sequences through three
short basic repeats, named ‘AT-hooks’, thereby altering
chromatin structure and facilitating the assembly of multi-
protein complexes of transcriptional factors, thus regulating
the transcription of several genes involved in a wide spectrum
of biological processes, such as embryogenesis, cell differ-
entiation, cell cycle, cell migration, apoptosis and cell
transformation.2 The HMGA protein levels are low or absent
in normal cells and adult tissues, whereas are abundant during
development and in malignant cancers." Indeed, overexpres-
sion of HMGA genes represents a constant feature of
malignant neoplasias, and their expression levels correlate
with metastatic potential, resistance to anti-cancer

therapies®* and reduced survival of cancer patients.® The
causal role of HMGA proteins in the process of carcinogenesis
has been clearly demonstrated as the blockage of their
expression prevents neoplastic transformation® and leads
neoplastic cells to death.” Consistently, transgenic mice
overexpressing the HMGA genes develop several
neoplasias.®'° Although several mechanisms by which
HMGA proteins contribute to cancer development have been
described so far,! other ones, such as autophagy regulation,
may be envisaged.

In recent years, the study of the intertwined connections
between cancer, apoptosis and autophagy has gained
increasing interest, also in consideration of the potential
translational applications of such discoveries. Autophagy is an
intracellular self-digestive process that has a critical role in
maintaining energy homeostasis, and its regulation seems to
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be crucial for cancer initiation and progression. Autophagy
involves the formation of autophagosomes, which assemble
around and encapsulate damaged organelles, misfolded
proteins or cellular debris, and then fuse with lysosomes to
degrade their content.'’ Autophagy is essential for
long-term survival of mammalian cells, by allowing supply
of nutrients under starvation and other stress conditions.
Interestingly, disruption of autophagic pathways is
associated with multiple diseases, including cancer, in which
it can exert either an oncogenic or tumor suppressor
activity depending on cellular context and tumor stage.'?
Indeed, many human neoplasias show aberrant autophagy,
and its inhibition may contribute to cancer progression. In
particular, autophagy inhibition may favor necrotic cell death,
exacerbating local inflammation, promoting tumor growth'" or
leading to genomic instability."> Moreover, defective autop-
hagy protects cancer cells from autophagic cell death (type Il
programmed cell death),’ and resistance to both apoptotic
and autophagic cell death can be acquired during cancer
progression.'®

Here, we report that depletion of HMGA1 expression
dysregulates autophagy in human epidermal squamous
carcinoma SCC-13 cells as well as in HelLa cells. This effect
appears mediated by autophagy initiation ULK genes,'®
whose expression is transcriptionally increased upon
HMGA1-knockdown (KD). Taken together, these data indicate
a critical role of HMGAT1 in the regulation of autophagy, thus
suggesting a novel mechanism by which HMGA1 may
contribute to cancer progression.

Results

HMGA1 depletion induces autophagy in skin cancer
cells. To investigate the role of HMGA1 proteins in skin
cancer cells, HMGA1 expression was silenced by siRNA-
transfection in human squamous carcinoma SCC-13 cells
(Figures 1a and b). We evaluated the effect of HMGA1-KD on
cell proliferation by performing a growth curve assay, obser-
ving a strong reduction in the number of HMGA1-interfered
cells (HMGAT1i) with respect to the scrambled oligonucleotide-
transfected cells (Ctli) 48, 72 and 96 h after transfection
(Figure 1c). Consistently, HMGA1i cells expressed higher
levels of the CDK inhibitors p27¥P! and p21°*" and lower
levels of cyclin D1 and cyclin E (Figure 1d). However, we did
not find p-galactosidase-positive cells (Supplementary
Figure S1), concluding that HMGA1-KD does not induce
permanent cell cycle arrest (i.e. senescence) in SCC-13 cells.
However, we found that the viability of the HMGAT1i cells was
significantly lower (~40%) as compared with control cells
(Figure 1e). Furthermore, HMGA1-KD does not significantly
induce apoptosis in SCC-13 cells, as assessed by measuring
the cleavage of two marker proteins of the apoptotic cascade,
namely poly (ADP-ribose) polymerase (PARP) and caspase-7
(Figure 1f). Therefore, we investigated whether the reduction
of cell viability induced by HMGA1 silencing was due to
autophagy activation, which may lead to another type of
programmed cell death.’* A connection between HMGA1 and
autophagy regulation has already been suggested by the
ability of HMGA1 overexpression to activate the PISK/AKT
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signaling pathway,'” which in turn control the mTORC1, a

negative regulator of autophagy.'® Hence, we analyzed the
phosphorylation of AKT and S6 ribosomal protein, two proteins
downstream of the mTORC1 pathway, which was reduced in
HMGATi cells (Figure 2a), suggesting that a reduction of
HMGAT1 expression may trigger the mTOR-dependent activa-
tion of the autophagic pathway in skin cancer cells. Subse-
quently, we evaluated the LC3-I to LC3-II conversion, which
occurs during autophagosomes formation.'® The levels of
LC3-II were increased in HMGAT1-depleted cells (Figure 2b).
We also performed the experiments in the presence of the
lysosomal pump inhibitor Bafilomycin A4, which allows one to
infer about the rate of LC3-Il neosynthesis.'®2" Indeed, the
levels of LC3-Il were higher in HMGA1i cells also in the
presence of Bafilomycin A4, suggesting that there was an
induction of autophagosomes synthesis. In addition, we
analyzed the expression levels of p62/SQSTM1, which is
recruited into autophagosomes during their assembly and then
degraded inside autolysosomes.?" Surprisingly, we did
observe a modest accumulation of p62/SQSTM1 in HMGA1-
depleted cells. Albeit in apparent contradiction with the LC3-lI
flux analysis, such a phenomenon could be explained by a
concomitant reduction of the later stages of autophagic
pathway, as previously reported.'®%?

To clarify and further corroborate the above described
biochemical data, we assessed the distribution of the
autophagy markers p62/SQSTM1 and LC3 by confocal
microscopy. We observed a strong increase of p62/SQSTM1-
and LC3-positive dots (or puncta) in HMGA1-depleted cells,
indicating their recruitment in autophagosomes and autopha-
golysosomes (Figure 2c). Furthermore, we assessed the
effect of HMGA1 silencing on the properties of autophagic
compartments. We stained Ctli and HMGA1i cells with
monodansylcadaverine (MDC), a fluorescent dye that labels
in vivo late-stage autophagosomes, whose staining rises
under conditions that increase autophagy.?'?%2* HMGA1
depletion caused an increase in both the number and size of
MDC-positive structures with respect to Cili cells, as well as of
lysosomes, labeled with the Lysotracker dye (Figure 2d).
Interestingly, a whole drastic expansion (in particular, a three/
fourfold increase in the area positive for both markers) of the
autophagosomal/lysosomal compartment was observed upon
HMGA1 depletion (Figure 2d).

Moreover, to test whether HMGA1 depletion closely mimics
mTOR inhibition-induced autophagy induction, we performed
amino-acid-starvation experiments. As expected, HBSS
treatment reduced the activity of mTORC1 pathway
(Supplementary Figure S2). However, in terms of autophagic
flux we noticed how the overall effects observed in
response to HBSS (namely, the increased turnover of
p62/SQSTM1 and LC3-1l) were remarkably different from the
ones observed upon HMGA1 depletion (Figure 2). Finally, to
rule out any potential ‘off-target’ effects generated
by the siRNA pools employed, we performed the main
experiments with a mix of three different siRNA
oligonucleotides in SCC-13 cells (HMGAT1i®) (Supplementary
Figure S3), confirming the aforementioned results. Altogether,
these data suggest that HMGA1 regulates autophagy in
SCC-13 cells.
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Figure 1

HMGAT1 depletion impairs proliferation and viability of SCC-13 cells. Control (Ctli) and HMGA1-interfered (HMGA1i) SCC-13 cells were tested for the expression of

HMGA1 by gRT-PCR (a) and western blotting (b). Actin was used as loading control. (¢) Growth curves of Ctli and HMGA1i SCC-13 cells. Cells were plated as described in
‘Materials and Methods’ and counted at 48, 72 and 96 h. (d) Proteins extracted from Ctli and HMGAi cells were analyzed by western blotting for Cyclin E, Cyclin D1, p21 and p27
protein levels. Actin was used as loading control. (e) Cell viability assay of Ctli and HMGATi cells was evaluated as described in ‘Materials and Methods’ section. Bars represent
the mean absorbance + S.D. of a representative experiment performed in triplicate. (f) Proteins extracted from Ctli and HMGA1i cells were analyzed by western blotting for PARP

and Caspase-7 protein levels. Actin was used as loading control

Induction of autophagy by the impairment of HMGA1
expression is not restricted to skin cancer cells. As
HMGAT1 is an architectural transcription factor that activates,
recruits to or displaces from specific promoters other
transcriptional regulators, its activity strongly depends on
the set of proteins concomitantly co-expressed by a particular
cell type, therefore its effects may vary on the basis of the
cellular context. To verify whether the autophagy increase
induced by the HMGA1-KD is not restricted to skin cancer
cells, we analyzed the effect of HMGAT1 silencing also in
human cervix cancer-derived HelLa cells. Indeed, depletion of
HMGA1 induces autophagy in Hela cells, as demonstrated
by both western blot and confocal imaging analysis
(Figure 3), and the effects of HBSS treatment on autophagic
markers are less consistent than those induced by HMGA1-
KD (Supplementary Figure S4).

To better evaluate the autophagic flux, we used a GFP-
mRFP-tandem tagged LC3, which allows to discriminate
between early autophagic organelles (GFP and mRFP
positive) from acidified autophagolysosomes, which result
positive only for mRFP because of higher sensitivity of GFP
fluorescence to the acidic lumen of the Ilysosomal
compartment.?® To this aim, we performed HMGA1-KD in
HeLa cells stably transfected with tandem GFP-mRFP-LC3.2°
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In agreement with the results obtained by immunofluores-
cence experiments, we observed that the number of GFP-
positive puncta was increased in HMGA1i cells with respect to
control cells, or upon HBSS treatment (Figure 4a and
Supplementary Figure S5). Strikingly, the puncta extended
almost throughout cytosol of HMGA1i cells (occupied area
was twofold higher in HMGAT1i versus Ctli cells). Furthermore,
by quantifying the number of red-only LC3 dots, we found that
it is higher in Cili than in HMGATi cells, as also evidenced by
the higher overlap coefficient (> 0.5, graph at right) for GFP
and mRFP signals (Figure 4a). Moreover, the fluorescence
intensity of red puncta is significantly higher in HMGA1i cells,
possibly resulting from homotypic and/or heterotypic fusion
events between autophagosomes and lysosomes, respec-
tively. Hence, the number of autophagosomes is increased in
HMGATi cells and such an increase is not mirrored by an equal
increase in their maturation. Consistently, in the large majority
of HMGATi cells, p62/SQSTM1-positive structures do accu-
mulate and co-localize with either the lysosomal marker
LAMP-1 or LC3 (Figure 4b), confirming that the autophagic
flux may be partially delayed in HMGA1-depleted cells.
Importantly, the results obtained in HelLa cells strongly
suggest that the interplay between HMGA1 and autophagy
is not restricted to skin cancer cells.



HMGA1-negative regulation of ULK7 and ULK2 expres-
sion likely accounts for the involvement of HMGA1 in
autophagy. The results described above suggest that
HMGA1-KD might alter autophagy at different steps. Starting
from the observation that Ulk2 was upregulated in Hmgat
knock-out (KO) with respect to wild type (WT) MEFs by
microarray analysis (data not shown) and gRT-PCR (fold-
change ~3), we hypothesized that HMGA1 could regulate the
expression of the Unc-51-like kinase (ULK) genes, coding for
the Ser/Thr kinases belonging to the autophagy-initiating
complex.?® Moreover, also the Ulk2 closely related paralogue
Ulk1 was moderately overexpressed in KO versus WT MEFs
(fold-change =~1.9) (Figure 5a). Consistent with this, the
MRNA levels of both ULK genes were substantially upregu-
lated upon HMGA1-KD in HelLa and SCC-13 cell lines, as
assessed by qRT-PCR analysis (Figure 5a). Interestingly, the
fold-change of ULK1 (~3-4) was higher than that of ULK2
(~2.5) expression in both cell lines. We also confirmed the
upregulation of ULK1 by western blotting analysis
(Figure 5b). Moreover, we analyzed the effect of HMGA1
depletion on the phosphorylation of the ULK1 selective
substrate ATG13, a critical event for the early step of the
phagophore formation.?! Interestingly, both HMGA1-KD and
HBSS treatment (used as positive control) increased the
amount of Ser318 phosphorylated-ATG13, despite a
concomitant decrease in the total amount of ATG13
(Figure 5c). To verify whether HMIGA1 proteins directly bind
to ULK71 and ULK2 promoters, we performed chromatin
immunoprecipitation (ChIP) assays followed by gRT-PCR.
The occupancy of AT-rich sequences of ULK1 and ULK2
promoters by HMIGA1 has been detected in the anti-HMGA1-
precipitated chromatin from Hela cells, whereas no
amplification was observed in samples immunoprecipitated
with rabbit IgG (Figure 5d). Finally, to evaluate the ability of
HMGA1 protein to regulate ULK7 and ULK2 promoter
activity, we performed luciferase activity assays and
demonstrated how HMGAT1 depletion increased the transcrip-
tional activity of both ULK1 and ULK2 promoters (Figure 5e).
To further verify the ability of HMGA1 to regulate the
transcription of ULK1 promoter, we used HEK293 cells,
which represent a useful system to study the effects of either
depletion or overexpression of HMIGA1 protein. As expected,
HMGA1 depletion increased ULKT? promoter activity in
HEK293 cells, whereas its overexpression significantly
reduced it (Figure 5f). Altogether, these data strongly
support a critical role of HMGAT1 in the negative regulation
of ULK genes.

The effects of HMGA1-KD are prevented by silencing of
ULK1. As ULK1 and ULK2 are master regulators of
autophagy initiation, we hypothesized that the regulation of
their expression may account for the effects on autophagy
caused by HMGA1-KD. In particular, we focused on ULKT,
the most upregulated in response to HMGA1 depletion in
both SCC-13 and Hela cells. Therefore, HelLa cells were
interfered for ULK1 expression using a pool of three specific
siRNAs (Figure 6a). We found that ULK1 silencing strongly
prevented LC3-1>LC3-Il conversion induced by HMGA1
depletion (Figure 6b). Moreover, similarly to the pattern
observed in ULK1 silenced cells, in the double KD cells
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(HMGA1i+ULK1i), the number of p62/SQSTM1-positive
puncta was consistently reduced (Figure 6c¢). Furthermore,
in the GFP-mRFP-LC3 stable cell line, ULK1 silencing
significantly antagonized the increase in autophagosomes
number mediated by HMGA1-KD (Figure 6d). Altogether,
these data suggest that HMGA1 regulates autophagy, at least
in part, through ULK1.

Subsequently, considering that ULK1-dependent cell death
has been described in cancer cells in several conditions,?” we
examined whether ULK1 is involved in the suppression of
SCC-13 cell number and viability observed in HMGA1-
depleted cells (Figure 1). Strikingly, the reduction of viable
cells was almost completely prevented by ULK1-KD, therefore
suggesting that HMGAT1 depletion leads to ULK1-dependent
cell death in these cells (Figure 7a). To further investigate the
relationship between ULK1 and the cell cycle arrest induced
by HMGA1-KD, we performed a colony formation assay.
HMGAT1i formed less and smaller clones than Ctli cells, and
ULK1-KD was able to rescue their clonogenic potential
(Figure 7b). To rule out the possibility that the observed
effects were mere consequences related to cell cycle arrest,
we performed a propidium iodine (Pl) exclusion assay, and we
found that the percentage of HMGAT1i Pl-positive cells was
consistently higher in comparison with control cells. Interest-
ingly, the ULK1 depletion reduced the effects mediated by the
HMGA1-KD, without affecting per se the percentage of PI-
positive cells (Figure 7c). Furthermore, we reproduced similar
results by using deconvoluted siRNA oligonucleotides against
ULK1, ruling out any off-target effect (Supplementary
Figure S6). Finally, to test whether the effects of HMGA1-KD
on cellular proliferation and viability induced were due to
autophagy induction and not to other functions of ULK1-
dependent functions, we tested the KD of ATG5, a key
component of the autophagic machinery and found that the
number of metabolically viable cells was only moderately
affected by HMGA1-KD in cells where ATG5 was concomi-
tantly depleted (ATGS5i) (Figure 8), therefore reinforcing the
concept that the effect of HMGA1 depletion on cell viability is
indeed autophagy-dependent. Altogether, these data indicate
that depletion of HMGA1 induces a reduction of cell viability
and proliferation that require autophagy to be fully enacted.

Discussion

HMGA overexpression is a frequent event in human malignan-
cies, and correlates with cancer progression, high aggressive-
ness and poor prognosis."” HMGA proteins contribute to
carcinogenesis by several mechanisms: (a) inactivation of p53-
induced apoptosis®® and regulation of cancer stem cell
division;?° (b) impairment of DNA repair;® (c) transcriptional
regulation of miRNAs and genes involved in the control of the cell
cycle®3' and induction of epithelial-mesenchymal transi-
tion;®>3% (d) induction of AP-1 activity;>* (e) induction of
chromosome instability.3>3¢ Nevertheless, it is general opinion
that HMGA1 exerts its oncogenic activity also by other
unidentified mechanisms.

Here, we demonstrate that HMGA1 expression has a key
role in autophagy regulation. Indeed, HMGA1 silencing
induces a ‘dual effect’ on the autophagic pathway associated
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to a decrease in cellular proliferation and viability in human increased autophagy, including reduced phosphorylation of
epidermal squamous SCC-13 cells and uterine cervix HelLa AKT and ribosomal S6 proteins, increased rate of LC3-II
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both autophagosomes and autophagolysosomes (Figures 2
and 3). Nevertheless, by using a range of assays, we have
shown how such an increase in autophagosomes formation is
not mirrored by an equal increase in their maturation, with a
consequent reduction of the autophagic flux. The observed
increase in LC3-II levels is consistent with this dual effect of
HMGA1 depletion on the autophagic pathway. In fact, an
increase in levels of LC3-1l can have different possible causes:
increased autophagosome formation, a block or delay in
autophagosome maturation, or both. Such a dual effect is very
similar to that induced by the depletion of Sly1, whose effects
on both LC3-ll levels and GFP-mRFP-LC3 distribution are
superimposable to those caused by depletion of HMGA1.22 A
similar detrimental effect on the autophagic flux has been
reported also for some dual PI3K/mTOR inhibitors (DKI),
which are canonically considered to be autophagy activators
and currently under study for the potential treatment of several
types of cancers. Indeed, DKIs such as PI-103 and NVP-
BEZ-235 strongly compromise autophagic flux, by concomi-
tantly inhibiting the class-IIl PI3K Vps34, which in turn causes
the blockade to autophagosome—lysosome fusion.®” In such a
scenario, the autophagy perturbation exerted by these
molecules may ultimately contribute to cell death in a way
similar to the one we propose here for the HMGA1 depletion.

Furthermore, the evaluation of MDC/Lysotracker staining
indicates that the loss of HMGA1 appears to impair the
structure (i.e. numbers and/or size) of the lysosomal compart-
ment, which is suggestive of an altered autophagosome—
lysosome fusion. As such, this could also explain the negative
effect on the activity of the mTOR pathway®® observed in
HMGA1-depleted cells. Moreover, the increase in autophago-
somes formation induced by HMGA1 depletion, augmenting
the ratio between autophagosomes and lysosomes, may favor
the fusion of several autophagosomes with one lysosome, as
suggested by the increase in the fluorescence intensity of red
dots found in HMGA1-depleted cells using the GFP-mRFP-
LC3 reporter assay. This may partially compensate the
decrease in red-only dots and contribute to explain the
autolysosomal degradative capacity shown by HMGA1i cells.
The observed delay of the autophagic flux is not so surprising.
In fact, HMGA1 may not be involved in the regulation of the late
stages of autophagy, differently from other transcription
factors, such as TFEB and ZKSCAN3.%° In fact, our data
does not necessarily imply that HMGA1 depletion impairs or
decreases lysosomal capacity per se, rather that the increase
in autophagosomes formation induced by HMGAT1 depletion is
not associated to a proportionate increase in autophago-
somes maturation and lysosomal capacity sufficient to
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guarantee an appropriate turnover of autophagosomes.
Consistently with this hypothesis, we performed a fluorogenic
assay to measure Cathepsin L, which infers about the activity
of the lysosomal acidic hydrolases, and we found no
significative difference between Ctli and HMGA1i HelLa cells
(data not shown), indicating that HMGA1 depletion does not
alter the activity of the lysosomal compartment.

Nevertheless, the effect of HMGA1-KD on autophagy
eventually results in a decrease in cellular proliferation and
viability, as strongly indicated by the autophagy inhibition
experiments (namely, ULK1- and ATG5-KD). Interestingly,
autophagic cell death is usually associated to a delay/block of
the autophagic flux owing to saturation of the degradative
capacity of lysosomes, rather than death mediated by
autophagy.*® We can hypothesize that also in our conditions
the overall effect in terms of cell viability might be due, at least
in part, to the impaired turnover of autophagosomes.

The differences we have observed in basal levels of
autophagy (higher in SCC-13 than in HelLa cells) might
explain the minor differences and only apparent discrepancies
(in particular, the effect on p62/SQSTM1 levels and autopha-
gosomes accumulation) between the two cell lines. In addition,
as p62/SQSTM1 is an oxidative stress-inducible protein,*' the
observed changes could be also consequent to other
mechanisms, rather than to its autophagy-dependent turn-
over. Noteworthy, we have confirmed how a prolonged serum
and amino-acid starvation (HBSS for 4 h) can paradoxically
reduce LC3-II protein levels in SCC-13 cells, while it increases
the number of LC3- and p62-positive puncta (Supplementary
Figure S2). Hence, an increased number of autolysosomes,
which correlates with the enhanced starvation-induced flux of
LC3 to lysosomes, can be indeed reflected by reduced LC3-I|
levels as a direct consequence of the fractional amount of
LC3-Il (or p62/SQSTM1) degraded upon delivery to the
lysosomal compartment.*243

Other studies have suggested a possible interplay
between HMGA proteins and autophagy. Indeed, HMGA1
overexpression activates the (PISK)/AKT and mTORCH1
signaling pathways'”"'® and positively regulates the transcrip-
tion of the glucose transporter SLC2A3/GLUT3 gene, thus
increasing glucose uptake and ATP levels leading to AMPK
inactivation with the consequent inhibition of autophagy.**
Furthermore, also HMGB1 protein, a member of other HMG
subfamily, has been demonstrated to act as a pro-autophagic
protein.*®

Here, we provide further evidence that HMGA1 proteins are
involved in autophagy by regulating ULK1 transcriptional
activity. Indeed, the ULK1 gene is upregulated upon HMGA1

<

Figure2 HMGAT1 depletion perturbs autophagic activity. (a) Immunoblot detection of p-AKT (Ser473), total AKT, p-rpS6 and total rpS6 expression levels in Ctli and HMGATi
cells. Actin was used as loading control. (b) Proteins extracted from Ctli and HMGA1i cells untreated or treated with 100 nM Bafilomycin A, (Bafi) for 6 h were tested for LC3-I > Il
conversion level and p62/SQSTM1 expression levels by western blotting. Actin was used as loading control. The graphs represent the relative optical density of LC3-Il and p62/
SQSTM1 normalized to Actin levels (mean + S.D. of three independent experiments). (c—d) Ctli and HMGATi cells were stained with p62/SQSTM1 and LC3-specific antibodies
detected, respectively, with Alexa-488 and Alexa-546 conjugated secondary antibodies (c) or with fluorescent dyes, monodansylcadaverin (MDC) and lysotracker (d), as
described in ‘Materials and Methods'. Serial confocal sections were collected. Bars, 10 um. For each condition, pictures at higher magnification are shown. Bars, 5 um. Number
of puncta per cells in Ctliand HMGAi cells is shown for p62/SQSTM1. Mean fluorescence intensity (arbitrary unit, a.u.) in Ctli and HWGATi cells is shown for other markers. In (d)
the area occupied by MDC and lysotracker was measured in Ctli and HMGA1i cells. Experiments were performed at least three independent times (n > 50 cells). The statistical
analysis has been performed including experiments conducted with both HMGA1-interfering approaches. Error bars, means + S.D.; *P<0.0001
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Figure 3 HMGAT1 depletion affects autophagy also in HeLa cells. (a) Immunoblot detection of HMGAT1, (b) p-rpS6 and total rpS6 expression levels in Ctli and HMGATi cells.
Actin was used as normalization. (c) Proteins extracted from Ctli and HMGATi cells, untreated or treated with 100 nM Bafilomycin A; (Bafi) for 6 h, were tested for LC3-I > I
conversion and p62/SQSTM1 expression level by western blotting. Actin was used as loading control. (d) Ctli and HMGA1i cells were stained with pg2/SQSTM1 and LC3-specific
antibodies or with fluorescent dyes, MDC and lysotracker. Serial confocal sections were collected. Bars, 10 zm. Number of puncta per cells in Ctli and HMGATi cells is shown for
p62/SQSTM1. Mean fluorescence intensity (arbitrary unit, a.u.) in Ctli and HMGATi cells is shown for other markers. Experiments were performed at least three independent
times (n>50 cells). The statistical analysis has been performed including experiments conducted with both HMGA1-interfering approaches. Error bars, means +S.D.;
*P<0.00001
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depletion in both HeLa and SCC-13 cells (Figure 5). In
consideration of the role exerted by ULK1 in the early steps of
autophagosome biogenesis, its upregulation is coherent with
the increased rate of autophagosomes synthesis observed
upon HMGA1 depletion. In addition, the fact that ULK1
silencing significantly prevents the effects of HMGA1-KD on
autophagic pathway (Figures 6 and 7) strongly support that
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the HMGAT1 effects on this pathway are, atleast in part, directly
mediated by ULK1 protein.

Considering that several HMGAT1 interactors, such as p53
and NF-kB, are involved in transcriptional and post-
transcriptional regulation of autophagy,®® the role of HMGAT1
in the modulation of ULK genes expression may depend on
these interactions and on the cellular context. In particular, as
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HMGA proteins impairs p53-mediated regulation of apoptotic
genes*® and p53 positively regulates ULK? expression,*” it is
conceivable to speculate that HMGA1 and p53 could regulate
the expression of the same autophagy-related genes in an
opposite way, as already described for apoptosis-related
genes.?® Moreover, resistance to autophagic cell death has
also been correlated to other cellular processes in which
HMGAT1 proteins are involved, such as chromosomal instabil-
ity and impairment of DNA repair.®'3*8 Therefore, the
possibility that HMIGA1 would enhance the survival of cancer
cell and, thereby, cancer progression by inhibiting, at the same
time, autophagy and apoptosis, can be envisaged. Further-
more, the ULK1-KD seems to be more effective than ATG5-KD
in preventing the effects on cell viability induced by depletion of
HMGA1. Hence, some additional ULK1-downstream effectors
may be involved in the regulation of the entire phenomenon in
an autophagy-independent manner. Indeed, ULK1 is able to
exerts an autophagy-independent pro-death role in response
to ROS-induced damage through PARP*° and to contribute to
cellular homeostasis by regulating ER-to-Golgi trafficking.>®

The role of autophagy in cancer is not completely under-
stood, as it strongly depends on cellular context and tumor
stage. Autophagy may be oncogenic allowing the survival of
cancer cells by providing new energy sources under stress
conditions, but it may also represent a mechanism of tumor
suppression, reducing oxidative stress, activating the DNA
damaging response, preventing inflammation, genomic
instability and ultimately inducing cell death.'®5" Notably, both
autophagy impairment and resistance to autophagic cell death
are features frequently acquired during cancer progression
accounting, along with resistance to apoptosis, for enhanced
cancer cell survival and chemoresistance.®? Although further
investigation is needed to define the influence of HMGA1-
mediated autophagy on the biology of cancer cells, one can
speculate that autophagy modulation could be another way by
which HMGA1 regulates cell survival and genomic stability,
consistent with its pro-survival activity and its role in the
development of chemoresistance.

In conclusion, the data reported here imply that HMGA1
overexpression inhibits autophagy by, at least in part,
negatively regulating the expression of ULK1 gene. The roles
of ULK1 in disease pathogenesis are still poorly understood
and often controversial. Nevertheless, alterations in ULK/
ATG1 expression and autophagy-related functions have been
implicated in the prognosis of some cancers.>® The one
described here represents a novel mechanism by which
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HMGA overexpression would enhance survival of cancer cells
and contribute to cancer progression, further supporting the
need of innovative antineoplastic therapies based on the
selective inactivation of HMGA1/ULK1 functions, rather than
on the more general autophagy inhibitors and activators.

Materials and Methods

Cell cultures. Hela cells were grown in RPMI supplemented with 10% FBS,
L-glutamine, and antibiotics (Invitrogen, Carlsbad, CA, USA). Human epidermal
squamous carcinoma SCC-13 cell line was kindly provided by Rheinwald JG.>*
Cells were cultured in keratinocyte serum-free medium (KSFM, Invitrogen) with
25 mg/ml bovine pituitary extract, penicillin, streptomycin, 0.2 ng/ml epidermal
growth factor, and CaCl, to a final Ca?* concentration of 0.4 mmol/l. To maintain
healthy confluent cultures, after cultures reached 40% confluence, they were re-fed
daily with 1:1 medium (1:1 volivol Ca®*-free DMEM/KSFM, supplemented as above
described). HEK293 cells were cultured in DMEM with 10% FBS, L-glutamine, and
antibiotics (Invitrogen). Bafilomycin A; (B1793) has been purchased from Sigma-
Aldrich (Saint Louis, MO, USA). HBSS buffer (#14025092) has been purchased
from Gibco (Waltham, MA, USA).

Transfections and plasmids. Cells were transfected with plasmids by
Lipofectamine plus reagent (Invitrogen) according to the manufacturer’s instructions.
Cells were transiently transfected with pcDNA3.1-Hmga1b.*® Luciferase activity was
analysed by LightSwitch Luciferase Assay kit (Switch Gear Genomics, Carlshad,
CA, USA), according to manifacturer’s instructions. ULK1-luc (cod. SKU:S707592)
and ULK2-luc (cod. SKU:S709931) plasmids were from Switch Gear Genomics.
Hela cells stably expressing GFP-mRFP-LC3 were a kind gift of D. Rubinzstein
(Cambridge Institute for Medical Research).®

RNA interference, RNA extraction and quantitative real-time PCR
(qRT-PCR). RNA interference was obtained using Lipofectamine RNAIMAX
(Invitrogen) as previously described®” with the following specific sIRNAs:

HMGA1i: Hs_HMGA1_5 (S102662023) (Sense strand GGACAAGGCUAAC
AUCCCATT and Antisense strand UGGGAUGUUAGCCUUGUCCAG) (Qiagen,
Hilden, Germany)

HMGATS: Stealth siRNAs (Set of 3) HSS142459, HSS142460, HSS142461, Cat.
#1299001, (Life Technologies-Invitrogen)

ULKTi: Stealth siRNAs (Set of 3) HSS140824, HSS140825, HSS141051, Cat.
#1299001, (Life Technologies-Invitrogen)

ULKT1i#1: single Stealth siRNA HSS140824 (Life Technologies-Invitrogen)
ULK1i#2: single Stealth siRNA HSS140825 (Life Technologies-Invitrogen)
ULK1i#3: single Stealth siRNA HSS141051 (Life Technologies-Invitrogen)
ATGSi: Set of 4: SIGENOME ATG5 siRNA, M-004374-04 (Dharmacon, LA, USA)
ATG5i#1: deconvoluted siRNA J-004374-07 (Dharmacon, LA, USA)

ATG5i#2: deconvoluted siRNA J-004374-08 (Dharmacon, LA, USA)

ATG5i#3: deconvoluted siRNA J-004374-09 (Dharmacon, LA, USA)

ATG5i#4: deconvoluted siRNA J-004374-10 (Dharmacon, LA, USA)

As negative control, Qiagen AllStars control (SI03650318) was used. Cells were
transduced with 25 nM of siRNA using RNAIMAX reagent (Invitrogen) according to

4

Figure 5 HMGAT1 protein regulates ULK1 and ULK2 transcription. (a) RNA extracted from control (Ctli) or HMGA1-interfered (HMGA1i) SCC-13, HeLa cells or from WTand
KO MEFs were analyzed by qRT-PCR for ULKT and ULK2 expression. The actin expression levels have been used for data normalization. Data are mean + S.D. of a
representative experiment performed in triplicate. (b) Proteins extracted from Ctli and HMGA1i SCC-13 and Hela cells were tested for ULK1 expression by western blotting.
Tubulin and Vinculin were used as loading control. (c) Proteins extracted from HeLa cells in control conditions (Ctl) or treated with HBSS for 4 h and Ctli and HMGA1i HeLa cells
were tested for phosho-Ser318-ATG13 and total ATG13 expression by western blotting. Vinculin was used as loading control. (d) ChIP was performed in HeLa cells. Soluble
chromatin was immunoprecipitated with anti-HMGA1 antibodies. The DNAs were amplified by gPCR using primers covering specific regions of human ULKT and ULK2 promoters
(—878/—713 and +129/+352, respectively). IgG were used as negative control of immunoprecipitation. Amplification of the immunoprecipitated DNA using primers for the
GAPDH gene promoter was used as control of specificity. Data are mean + S.D. of a representative experiment performed in triplicate. (€) Analysis of ULKT and ULK2 luciferase-
reporter activity in Ctli and HMGA1i HeLa cells. All transfections were performed in triplicate. Data are mean + S.D. of three independent experiments. The same analysis was
carried out for ULK1 promoter activity in Ctli and HMGA1i HEK293 cells (f, left panel). Analysis of ULKT promoter activity was also evaluated in HEK293 cells transiently
transfected with empty vector (CV) or 0.8 1g of pcDNA3.1-Hmga1b expression vector (f, right panel). All transfections were performed in triplicate. Data are mean + S.D. of three

independent experiments
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the manufacturer's instructions and analyzed after 48, 72 and 96 h. Total RNA was humanULK2-Re 5’-GGAGGTGCCAGAACACCA-3’
isolated as previously described.>® qRT-PCR analysis was performed using the Power humanACTIN-Fw 5’-CCAACCGCGAGAAGATGA-3’
SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA) with humanACTIN-Re 5'-CCAGAGGCGTACAGGGATAG-3'
following primer sequences: mouseUlk1-Fw 5’-GGATCCATGGTGTCACTGC-3'
humanHMGA1-Fw 5'-CAACTCCAGGAAGGAAACCA-3’ mouseUlk1-Re 5'-CAAGGGCAGCTGATTGTACC-3'
humanHMGA1-Re 5’-AGGACTCCTGCGAGATGC-3' mouseUlk2-Fw 5'-CACCATCTTGTCGCTTTGC-3'
humanULK1-Fw 5’-CAGACAGCCTGATGTGCAGT-3’ mouseUlk2-Re 5'-GGATAAGTTTTCTTCCTGAATATGCT-3'
humanULK1-Re 5'-CAGGGTGGGGATGGAGAT-3' mouseActin-Fw 5'-CTAAGGCCAACCGTGAAAAG-3
humanULK2-Fw 5'-TTTAAATACAGAACGACCAATGGA-3' mouseActin-Re 5'-ACCAGAGGCATACAGGGACA-3'
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Figure 7 ULK1 silencing rescues the decrease in cell viability induced by HMGA1 depletion in SCC-13 cells. (a) Cell viability assays of Ctli, HMGATi, ULK1i and HMGA1i-
ULK1i cells were evaluated as described in ‘Materials and Methods’ section. Bars represent the mean absorbance + S.D. of a representative experiment performed in triplicate.
(b) Equal numbers of Ctli, HMGA1i, ULK1i and HMGA1i-ULK1i cells were plated 24 h post transfection and then stained with Crystal violet after 10 days of culture. The graph
shows the mean + S.D. of the number of colonies formed in three independent experiments. (¢) The propidium iodide (PI) exclusion assay using flow cytometry was used to
discriminate between live and dead Ctli, HMGA1i, ULK1i and HMGA1i+ULK1i SCC-13 cells 96 h post transfection. A representative experiment is shown

<
Figure 6 Effects of HMGAT1 silencing in autophagy are mediated by ULK1. Proteins extracted from Ctli, HMGATi, ULK1i and HMGA1i-ULK1i HeLa cells were tested for the
expression of ULK1 and HMGAT (a) or LC3 (b) by western blotting. Actin was used as loading control. (¢) Ctli, HMGA1i, ULK1i and HMGA1i-ULK1i cells were stained with p62/
SQSTM1 specific antibody (labeled with FITC-conjugated secondary antibody). Bars, 11 zm. Number of puncta per cells in Ctli and HMGATi cells is shown. Experiments were
performed three independent times (n > 50 cells). (d) HeLa stably expressing GFP-mRFP-LC3 cells were transfected with siRNAs targeting ULK1 (ULK1i) or both HMGA1 and
ULK1 (HMGATi+ULKTi), fixed and analyzed by confocal microscopy. Bars, 10 m. For each condition, pictures at higher magnification are shown. Bars, 5 um. Quantification of
the number of fluorescent puncta exhibiting green (GFP) (left graph) or red-only fluorescence (obtained by subtracting green dots to the total red dots, middle graph) is reported.
The percentage of cells exhibiting overlap coefficient lower or higher 0.5 upon the different conditions is shown (right graph). Experiments were performed three independent
times (n> 250 cells). Error bars, means + S.D,; *P<e-7
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Figure 8 ATGS5 silencing reduces the decrease in cell viability induced by HMGA1 depletion in SCC-13 cells. (a) The efficacy of siRNAs directed against ATG5 was tested by
western blotting. Actin was used as loading control. The siRNA(s) used to KD ATG5 in ATG5i#1, ATG5i#2, ATG5i#3, ATG5i#4 and ATGSi cells are indicated in ‘Materials and
Methods’ section. (b) Proteins extracted from Ctli, HMGA1i, ATG5i and HMGA1i-ATG5i SCC-13 cells were tested for HMGA1 and ATG5 expression by western blotting. Actin was
used as loading control. (c) Cell viability assay of Ctli, HMGA1i, ATG5i, HMGA1i-ATG5i, ATG5i#1, HMGAT1i-ATG5i#1, ATG5i#2 and HMGAT1i-ATG5i#2 cells were evaluated as
described in ‘Materials and Methods’ section. Bars represent the mean absorbance + S.D. of a representative experiment performed in triplicate

Growth curve and cell viability assay. SCC-13 cells were seeded in six-
well plates, interfered and transfected as above described. Ctli and HMGATi cells
were counted after 48, 72 and 96 h as described in.>”

Cell viability of cells was quantified by MTS (3-(4,5 dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl-2-(4-sulfophenyl)-2H-tetrazolium) assay (Promega's CellTiter
96 AQueous One Solution, Promega Fitchburg, WI, USA). Cells were seeded in
96-well plates at 5x 10° cells per well, then interfered and transfected as above
described. After 72 h, absorbance was measured at 490 nm.

B-Galactosidase staining. j-Galactosidase staining was performed using
Senescence Cells Histochemical Staining Kit (CS0030, Sigma-Aldrich) kit (Sigma-
Aldrich) according to the manufacturer's instructions 6 days after transfection.
Over/night treatment with 400 M H,0, was used as a positive control. Cells have
been observed with Axiovert 25 and photographed with Canon GC5 (final
magnification x 40).

Colony assay. To perform the colony assays, the cells were transfected with
siRNAs as described before. After 24 h of transfection, the cells were trypsinized,
counted and re-plated in equal numbers. After 10 days of culture, the cells were
fixed in methanol for 10 min, stained with Crystal Violet (C3886, Sigma-Aldrich) for
25 min, washed several times with water, and then photographed.

Pl exclusion assay. For the determination of cell viability, cells were analyzed
96 h after trasfection with a FACS Calibur cytofluorimeter using CellQuest software
(BD Biosciences, Mississauga, ON, Canada), following addition of a Propidium
lodide solution at a final concentration of 1 zg/ml.

Western blotting and antibodies. Protein extraction and western blotting
were performed as described elsewhere.®® Antibodies directed against HMGAT
proteins were already described.*® Commercial antibodies were: anti-pSerd73-AKT
(#9271), anti-AKT (#9272), anti-Caspase-7 (#9492), anti-phospho S6 ribosomal
protein (Ser240/244) (D68F8, #5364), anti-S6 ribosomal protein (54D2, #2317S),
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anti-LC3A/B (#4108), anti-PARP (46D11, #9532), anti-ATG5 (D5F5U, #12994) and
anti-ULK1 (R600, #4773) antibodies from Cell Signaling Technology (MA, USA);
anti-p-Actin (I-19, sc-1616), anti-g-Tubulin (D-10, sc-5274), anti-p21 (C-19, sc-397),
anti-Cyclin D1 (A12, sc-8396), anti-Cyclin E (E20, sc-481), and anti-Vinculin (N-19,
sc-7649) were from Santa Cruz Biotechnology (Dallas, TX, USA); anti-p27 (610241)
and anti-p62/SQSTM1 (610833) were from BD Biosciences (Franklin Lakes, NJ
USA); anti-phospho ATG13 (Ser318) (PAB19948) was from Abnova (Taipei City,
Taiwan); anti-ATG13 (SAB4200100) was from Sigma-Aldrich. ECL System was
purchased from Amersham Pharmacia (Buckinghamshire, UK).

ChIP assay. After transfection, cells have been treated with formaldehyde 1%,
washed and then lysed isolating the nuclei. Then the nuclei have been in turn lysed
and chromatin has been sonicated. Then, samples have been processed and
immunoprecipitated using anti-HMGA1 antibody?® or normal rabbit IgG as negative
control. For PCR analysis, 2 ul out of 150 ul immunoprecipitated DNA was used
with primers described below. GAPDH promoter amplicon was used as negative
control in all the experiments. Input DNA was used as positive control.

Primers used were:

ULK1-prom-Fw 5'-TGCCCTGTTCCATATTTTGC-3'

ULK1-prom-Re 5'-ACCCAAACCAACGACATAGC-3'

ULK2-prom-Fw 5'-AGCTGGGGATGGAGAGTACC-3'

ULK2-prom-Re 5'-AGAGACCGGAGCGGAAACT-3

GAPDH-prom-Fw 5’-CCCAAAGTCCTCCTGTTTCA-3'

GAPDH-prom-Re 5’-GTCTTGAGGCCTGAGCTACG-3

Fluorescence microscopy. Lysotracker Probe (Molecular Probes, Eugene,
OR, USA) and MDC (50 uM, Sigma) were used to label lysosomes and
autophagosomes, respectively. In brief, cells grown on coverslips were incubated
with Lysotracker Probe for 1 h at 37 °C before fixation (4% PFA). Cells grown on
bottom-glass dishes were incubated with MDC in PBS for 10 min at 37 °C and
imaged in vivo in PBS.



Cells stained with LC3 antibody (0231-100/LC3-5F10, nanoTools, Teningen,
Germany) were fixed with methanol, quenched with 0.2% BSA/10% FBS in PBS for
30 min and permeabilized with 0.2% TX-100 for 7 min. Cells stained with p62/
SQSTM1 antibody (GP62-C, Progen, Heidelberg, Germany) and Lamp-1 (#555798,
BD Biosciences Pharmingen, San Diego, CA, USA) were fixed in PFA 4% and then
processed as above. Primary antibodies were detected with TRITC (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA, USA) or Alexa-488 or -546
(Life Technologies, Camarillo, CA, USA) conjugated secondary antibodies. Images
were collected using a laser scanning microscope (LSM 510 META, Carl Zeiss
Microimaging, Inc., Thornwood, NY, USA) equipped with a Plan Apo 63x oil-
immersion (NA 1.4) objective lens.

Quantification, morphometric analyses and co-localization analysis were carried
out using LSM 510 software as previously described.® The mean fluorescence
intensities in selected regions of interest of equal size were measured. For the
quantification we acquired the images, for each fluorophore, with the same setting
(laser power, detector gain) as well as we kept the same threshold of fluorescence
intensity in all experimental conditions (control and silenced cells). We evaluated the
size of phagosomal or lysosomal compartments measuring the area occupied from
each organelle marker that takes in account both the number and the dimension of
these compartments.

For GFP-mRFP-LC3 assay, we counted the fluorescent puncta exhibiting green
(GFP) or red (mRFP) fluorescence. The number of red-only puncta was obtained by
subtracting green dots to the total red dots. The green-only puncta were excluded by
quantitative analysis.

Statistical analysis. Student’s +test was used to determine the significance
for all the quantitative experiments. Error bars represent the S.D. of the average.
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