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ABSTRACT Insulin receptor substrate 1 (IRS-1) is a common cytosolic adaptor mole-
cule involved in signal transduction from insulin and insulin-like growth factor I (IGF-I)
receptors. IRS-1 can also be found in the nucleus. We report here a new finding of
unique IRS-1 nuclear structures, which we observed initially in glioblastoma biopsy
specimens and glioblastoma xenografts. These nuclear structures can be reproduced
in vitro by the ectopic expression of IRS-1 cDNA cloned in frame with the nuclear lo-
calization signal (NLS–IRS-1). In these structures, IRS-1 localizes at the periphery,
while the center harbors a key autophagy protein, LC3. These new nuclear structures
are highly dynamic, rapidly exchange IRS-1 molecules with the surrounding nucleo-
plasm, disassemble during mitosis, and require a growth stimulus for their reassem-
bly and maintenance. In tumor cells engineered to express NLS–IRS-1, the IRS-1/LC3
nuclear structures repress autophagy induced by either amino acid starvation or
rapamycin treatment. In this process, IRS-1 nuclear structures sequester LC3 inside
the nucleus, possibly preventing its cytosolic translocation and the formation of new
autophagosomes. This novel mechanism provides a quick and reversible way of in-
hibiting autophagy, which could counteract autophagy-induced cancer cell death
under severe stress, including anticancer therapies.
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Insulin receptor substrate 1 (IRS-1) is a common cytosolic adaptor molecule, which
transduces the signal from both insulin and insulin-like growth factor I (IGF-I) recep-

tors (1). We previously reported that IRS-1 can be translocated to the nucleus by either
the human polyomavirus JC oncoprotein, large T antigen (2), or estrogen receptors
(3–5). In addition, nuclear IRS-1 (nIRS-1) has been detected in cells expressing the
simian virus 40 (SV40) T antigen (6) and v-Src (7) and in breast cancer cells in association
with estrogen receptor alpha (3). In other studies, nIRS-1 was found in nucleoli, where
it interacted with upstream binding factor 1 (UBF1) (8), and more recently, nIRS-1 was
detected in complexes with noncoding RNAs in association with Cajal bodies (9, 10).

In recent years, it has become apparent that the nucleus is highly compartmental-
ized (11, 12), and there are several nuclear structures, such as nucleoli, speckles,
paraspeckles, Cajal bodies, PML, Polycomb, and nuclear stress bodies, that play specific
roles in the function of the nucleus (13–15). Unlike typical cytoplasmic organelles,
nuclear structures lack biological membranes that separate them from the surrounding
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nucleoplasm. Although not membrane bound, nuclear structures are temporally stable,
and their stability is based on specific protein-protein and protein-RNA interactions
(14). Although the lack of biological membranes allows the highly dynamic regulation
of their composition and function in response to cellular signals and stress (16), it also
makes biochemical analyses of these membraneless structures more challenging. In
fact, most of the information is derived from structural studies using electron and
confocal microscopy, and complete proteome analyses have been performed on only
two nuclear structures, nucleoli (17, 18) and interchromatin granule clusters (speckles)
(19). Nonetheless, the exact composition and function of most of these nuclear struc-
tures remain elusive.

Here, we report a new finding that nuclear IRS-1 can be organized in large nuclear
structures, which can reach up to 2 �m in diameter. In these structures, IRS-1 is
localized at the periphery, and the center harbors a typical autophagy protein, LC3;
however, other autophagy proteins or biological membranes were not detected. We
observed these IRS-1-containing nuclear structures for the first time in a restricted
number of cells of glioblastoma biopsy specimens and glioblastoma xenografts, mostly
in areas adjacent to necrotic tissue and in the infiltrating edges of the tumor. We were
also able to reproduce the formation of these IRS-1-containing nuclear structures in
vitro by the ectopic expression of IRS-1 cDNA cloned in frame with a nuclear localization
signal (NLS–IRS-1). In living cells expressing the NLS–IRS-1– green fluorescent protein
(GFP) fusion protein, IRS-1/LC3 structures are highly dynamic: they disassemble during
mitosis or following prolonged serum starvation, reassemble shortly after cytokinesis in
growth factor-stimulated cells, and quickly exchange IRS-1 molecules with the sur-
rounding nucleoplasm. Importantly, tumor cells positive for the IRS-1/LC3 nuclear
structures have severely impaired autophagy, which correlated with the accumulation
of LC3 inside the nucleus. In summary, the IRS-1/LC3 nuclear structures provide a quick
and reversible mechanism of blocking autophagy, which could play a role in tumor cell
survival by counteracting the autophagy-induced death of tumor cells exposed to
severe stress.

RESULTS
Detection of IRS-1 nuclear structures in human brain tumors. We observed

IRS-1-containing nuclear structures when we evaluated the possible diagnostic value of
nIRS-1 in a brain tumor tissue array consisting of 64 different brain tumor clinical
samples (GL803a; USBiomax, Inc.). In 25 out of a total of 64 brain tumor biopsy
specimens (39.1%), IRS-1 was found in the cell nuclei (Table 1). Positive cells were
grouped into clusters, predominantly near the infiltrating edges of the tumor or near
necrotic areas in glioblastomas. The results in Fig. 1A show representative examples of
two glioblastoma biopsy specimens, from cases C2 and A5 (Table 1), in which IRS-1 is
present in either the nuclei (Fig. 1A) or the cytoplasm (Fig. 1B) of the tumor cells.
Interestingly, when the same brain biopsy specimens were examined by using immu-
nofluorescence and high-resolution confocal imaging (Fig. 1C to G), some of the tumor
cells exhibited well-defined nuclear structures, which varied in size from 0.2 �m to up
to 1 �m in diameter. In comparison to overall nuclear IRS-1 immunolabeling, the
number of tumor cells positive for IRS-1 nuclear structures was significantly lower
(0.01%) when the entire tumor biopsy specimen was analyzed. However, in some areas
of the tumor, the frequency of cells positive for these structures was much higher,
reaching up to 10%, an increase of several orders of magnitude (Fig. 1C). Two high-
magnification images (Fig. 1F and G) demonstrate IRS-1 nuclear structures detected by
either anti-IRS-1 rabbit polyclonal antibody or anti-IRS-1(pS612) mouse monoclonal
antibody, respectively. We did not detect these nuclear structures in unaffected brain
areas (Fig. 1E) or in tumor tissue by using either anti-IRS-1(pY) antibody (data not
shown) or an irrelevant primary antibody (anti bromodeoxyuridine [anti-BrdU]) plus a
secondary antibody (Fig. 1D).

IRS-1-positive nuclear structures were also detected in glioblastoma xenografts (Fig.
2), and importantly, we observed a nearly 4-fold increase in their presence after

Lassak et al. Molecular and Cellular Biology

May 2018 Volume 38 Issue 10 e00608-17 mcb.asm.org 2

http://mcb.asm.org


TABLE 1 IRS-1 immunohistochemistry performed on a tissue array from which 64 high-
quality brain tumor biopsy specimens were selecteda

Position Gender Age (yr) Tumor type Grade

Presence of
IRS-1

N C

A2 M 65 Astrocytoma 2 � �/�
A3 M 46 Astrocytoma (sparse) 1 � �/�
A4 M 53 Anaplastic astrocytoma 3 � �
A5 M 25 Glioblastoma 4 � ����
A6 F 10 Glioblastoma 4 � ��
A7 M 33 Glioblastoma 4 � �
A9 M 34 Astrocytoma 2 � ���
A10 M 57 Anaplastic astrocytoma 3 � ��
B2 F 16 Astrocytoma 2 � ��
B3 M 57 Anaplastic astrocytoma 3 ��� ��
B4 F 60 Anaplastic astrocytoma 3 � �
B5 M 36 Glioblastoma 4 �� �
B6 F 39 Anaplastic astrocytoma 3 � �
B7 F 66 Astrocytoma (cortex infilb) 2 � �
B8 M 52 Anaplastic astrocytoma 3 � ��
B9 M 34 Glioblastoma 4 � ���
B10 F 43 Glioblastoma 4 � ���
C1 F 50 Astrocytoma 2 �� �
C2 F 49 Glioblastoma (cortex infil) 4 ��� �
C3 M 41 Astrocytoma 2 � �
C4 F 6 Glioblastoma 4 ��� ��
C6 M 43 Glioblastoma 4 �� ���
C7 M 12 Glioblastoma (sparse) 4 � �
C8 M 41 Glioblastoma 4 � �
C9 F 55 Glioblastoma (sparse) giant cell 4 � ����
C10 M 62 Glioblastoma 4 � ��
D1 F 22 Glioblastoma multiforme 4 � �
D2 M 64 Glioblastoma 4 � �
D4 M 55 Glioblastoma 4 �/� �
D5 M 36 Glioblastoma (sparse) giant cell 4 � ��
D6 M 43 Glioblastoma 4 �/�
D7 M 71 Glioblastoma (giant cells) 4 � ��
D9 F 64 Glioblastoma (giant cells) 4 � ��
D10 F 36 Glioblastoma 4 � �/�
E2 F 48 Anaplastic oligodendroglioma 3 � �
E4 M 59 Glioblastoma (sparse) 4 � ��
E5 M 68 Glioblastoma (giant cell) 4 � ��
E6 F 4 Glioblastoma 4 � ��
E7 F 50 Glioblastoma multiforme 4 �/� �
E8 M 59 Glioblastoma multiforme 4 � �
E9 M 50 Glioblastoma 4 � �
E10 M 42 Glioblastoma multiforme 4 � �/�
F1 M 58 Glioblastoma multiforme 4 � ��
F2 F 52 Glioblastoma multiforme 4 � �
F3 F 51 Astrocytoma 2 � �
F4 M 41 Glioblastoma 4 � �
F5 M 33 Glioblastoma 4 � ��
F6 M 33 Anaplastic oligodendroglioma 3 �� �
F7 F 37 Anaplastic oligodendroglioma 3 � ��
F8 M 17 Anaplastic oligodendroglioma 3 � �
F9 M 55 Anaplastic oligodendroglioma 3 � �
G1 F 30 Anaplastic oligodendroglioma 3 � �
G2 M 39 Anaplastic oligodendroglioma 3 � �
G3 F 14 Medulloblastoma � � �
G4 M 11 Medulloblastoma � � �
G5 M 3 Oligoastrocytoma 2 � �
G7 F 46 Oligodendroglioma 2 � �/�
G8 M 52 Anaplastic oligodendroglioma 3 � �
G10 M 45 Oligoastrocytoma 2 � �
H1 F 48 Anaplastic oligoastrocytoma 3 � �
H2 M 41 Ependymoma � �/� �
H3 M 3 Ependymoma � �� �

(Continued on next page)
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genotoxic treatment (Fig. 2D). In this experiment, mice bearing intracranial glioblasto-
mas formed by GBM12 native human glioblastoma cells (20–22) were treated with
aldoxorubicin by tail vein injection (23). We selected aldoxorubicin (doxorubicin con-
jugated with an albumin affinity linker) since it has an exceptional ability to accumulate
in tumor tissues (24–26) and triggered extensive genotoxicity in glioblastoma brain
xenografts (23). Similar to glioblastoma biopsy specimens, we also detected areas
within the xenografts in which the frequency of tumor cells positive for IRS-1 nuclear
structures was much higher. Figure 2A shows an area within the xenograft in which 5
out of 65 nuclei are positive for these IRS-1-containing nuclear structures. Interestingly,
by using fresh tissue explants from aldoxorubicin-treated mice, we also observed large
IRS-1-containing nuclear structures, which resembled the shape of a ring (Fig. 2E).

Induction of IRS-1 nuclear structures in cell culture. Since IRS-1 nuclear structures
are relatively rare in brain tumor tissues, and therefore are difficult to study, we
attempted to induce their formation in LN-229 glioblastoma cells following the ectopic
expression of IRS-1 cloned in frame with a nuclear localization signal (pALS1-NLS-IRS-
1/mycTag). Following immunolabeling with either anti-IRS-1 (Fig. 3A) or anti-myc tag
(Fig. 3B) antibodies, some of the transfected cells contained highly organized ringlike
structures, which varied in size from 0.2 �m to up to 2 �m in diameter. Interestingly,
these nuclear structures can be detected without immunolabeling by using Nomarski
contrast (Fig. 3C, arrows). Using the same vector, we asked if the ectopic expression of
NLS–IRS-1 could trigger the formation of these nuclear structures in different cell types.
The results in Fig. 3D show that the transient expression of the NLS–IRS-1–myc tag
transgene also triggered the formation of the IRS-1 nuclear structures in U87MG,
another glioblastoma cell line, as well as normal human astrocytes (NHAs), mouse
embryo fibroblasts (MEFs), and HeLa cells (Fig. 4). These data demonstrate that the
overexpression of IRS-1 in the nucleus is sufficient to trigger the formation of IRS-1
nuclear structures in five different cell types tested so far.

To enable analyses of IRS-1 nuclear structures in live cells, we constructed a new
vector that enables the expression of two fluorescent proteins: NLS–IRS-1–GFP(HA) and
MitoDsRed (Fig. 4A). The first protein is a fusion of IRS-1 with enhanced green fluorescent
protein (EGFP), the nuclear localization signal, and a hemagglutinin (HA) epitope tag. The
second protein is a fusion of red fluorescent protein (RFP) (DsRed) with a mitochondrial
localization signal. Both proteins are separated by a self-cleaving T2A peptide that
allows the segregation of these polypeptides during translation (27). We have selected
HeLa cells stably expressing these proteins (HeLa/CL006). The confocal images in Fig. 4B

TABLE 1 (Continued)

Position Gender Age (yr) Tumor type Grade

Presence of
IRS-1

N C

H4 F 15 Astrocytoma 1 � �
H5 F 14 Pilocytic astrocytoma 1 �/� �
H6 F 30 Cancer-adjacent normal cerebral tissue � � �
H7 F 49 Cancer-adjacent normal cerebral tissue � � �
H8 M 59 Cancer-adjacent normal cerebral tissue � � �
H9 M 39 Cancer-adjacent normal cerebral tissue � � �
H10 M 52 Cancer-adjacent normal cerebral tissue � � �
I10 M 58 Malignant melanoma (marked point) � � ���

aThe tissue array (GL803a; USBiomax, Inc.) includes 32 glioblastoma, 19 astrocytoma, 9 oligodendriogloma, 2
ependymoma, and 2 medulloblastoma specimens. The array also contains 5 adjacent normal brain tissues
and 1 liver cancer specimen. Diagnosis of the tumor is based on World Health Organization criteria for
brain tumors, and the identity and grade of each tumor of this array were additionally verified by a
neuropathologist (L. Del Valle). The presence (�) or absence (�) of IRS-1 immunohistolabeling was
determined by utilizing an anti-IRS-1 rabbit polyclonal antibody (Millipore), and the subcellular localization
of immunolabeling, cytosolic (C) versus nuclear (N), was determined by using an Olympus BX61 bright-field
light microscope with a 40� objective. Nuclear IRS-1 was detected in 25 out of a total of 64 brain tumors
examined (39.1%). Two cases, cases A5 and C2, are also shown in Fig. 1A. M, male; F, female. �/�, very low
level of immunolabeling.

bCortex infil, infiltrated cortex.
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and C show examples of two HeLa cells expressing the NLS–IRS-1–GFP/MitoRed vector
in which IRS-1 nuclear structures are visualized by either GFP fluorescence (Fig. 4B) or
Nomarski contrast (Fig. 4C). Using these cells, we also evaluated the phosphorylation
status of IRS-1 molecules contained within these new nuclear structures. To achieve
this, we used antibodies that recognize either serine (S616, S636, S639, and S794) or
tyrosine (Y612) phosphoamino residues of IRS-1. The results in Fig. 4D demonstrate that the
anti-IRS-1 antibody recognizing phosphorylated serine 616 of IRS-1 colocalizes exclu-
sively with the outer part of the ring formed by NLS–IRS-1–GFP and does not overlap
the GFP signal. This unexpected pattern of immunolabeling could indicate that multiple
IRS-1 molecules forming the structure are organized in a way such that serine-

FIG 1 Immunohistochemical detection of IRS-1. IRS-1 was detected in formalin-fixed paraffin-embedded
sections of glioblastoma tissues (GL803a tissue array; USBiomax, Inc.) by using anti-IRS-1 rabbit polyclonal
(Millipore) and anti-rabbit HRP-conjugated secondary antibodies. (A and B) Two glioblastoma biopsy
specimens in which IRS-1 is localized in either the nuclei of some tumor cells (case C2 from Table 1) (A)
or the cytoplasm (case A5 from Table 1) (B). (C, F, and G) Examples of low-magnification (C) and
high-magnification (F and G) confocal images of IRS-1 nuclear structures detected in a restricted number
of cells from glioblastoma biopsy specimens. IRS-1 nuclear structures were detected with anti-IRS-1
rabbit polyclonal antibody (catalog no. 06-248; Millipore) and FITC-conjugated anti-rabbit secondary
antibodies. Nuclei were counterstained with DAPI (blue fluorescence). (C) Selected area adjacent to the
tumor-infiltrating margin with a high number of tumor cells positive for IRS-1 nuclear structures (15 out
of a total of 121 cells show IRS-1 nuclear structures). The percentage of tumor cells positive for IRS-1
nuclear structures was evaluated by using high-magnification confocal imaging (original magnification,
�100). At least 100 randomly selected fields per biopsy specimen were examined for 10 different glioblas-
toma biopsy specimens. (D) The same glioblastoma multiforme biopsy specimen immunolabeled with an
irrelevant antibody (anti-BrdU primary antibody and FITC-conjugated secondary antibody). (E) Unaf-
fected brain area, adjacent to the tumor depicted in panel C, immunolabeled with anti-IRS-1 rabbit
polyclonal antibody.
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containing residues are exposed outside, and the anti-IRS-1(pS616) antibody binds
exclusively to the surface of the structure. Other tested phosphoserine-specific IRS-1
antibodies also bound preferentially to the outer part of the ring but with a somewhat
lower affinity (not shown). In contrast, anti-IRS-1(pY612) did not recognize these

FIG 2 Detection of IRS-1 nuclear structures in glioblastoma multiforme xenografts. Human GBM12 cells were
injected into the brains of immunodeficient mice (1 � 105 cells in 2 �l of PBS) by using a Hamilton syringe and
a stereotactic frame. The cells were allowed to form brain tumors for 2 weeks, and tumor-bearing mice were
subsequently treated with aldoxorubicin (aldoxo) (24 mg/kg of body weight by tail vein injection) (23). Seven
days after treatment, mice were sacrificed, and brain tumors were extracted, formalin fixed, paraffin embedded,
and sectioned. (A to C) Immunofluorescence detection of IRS-1 (anti-IRS-1 rabbit polyclonal antibody, catalog no.
06-248; Millipore) in brain tumor sections from aldoxorubicin-treated (A) and control vehicle-treated (B) mice and
in tumor-free brain tissue from an aldoxorubicin-treated mouse (C). (D) Frequency of tumor cells positive for
IRS-1 nuclear structures. The images were evaluated by using high-magnification confocal microscopy (original
magnification, �100). Three tumors per group were evaluated, in which 100 randomly selected fields per tumor
were examined (n � 3). Data represent average values � standard deviations. (E) High-magnification image of
a single tumor cell from an aldoxorubicin-treated mouse in which anti-IRS-1 antibody recognized the ringlike
structure. The same cell is also visualized by Nomarski contrast, and nuclei are labeled with DAPI (blue
fluorescence). The rectangle indicates an IRS-1-positive nuclear structure, and the arrow points to the three-
dimensional reconstruction of the IRS-1 ringlike structure. The image was acquired by using an FV1000 confocal
microscope (Olympus), and the 3-D surface reconstruction was generated by using SlideBook 5 software
(Intelligent Imaging Innovations).
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structures (Fig. 4E). In summary, the presented results indicate that the pool of IRS-1
molecules that build the structures are serine phosphorylated, and serine-containing
residues localize most likely at the periphery of the structures.

Dynamic properties of IRS-1 nuclear structures. HeLa cells stably expressing the
pAL-NLS-IRS-1-GFP/MitoRed transgene (Fig. 4A) allowed us to observe dynamics of
IRS-1 nuclear structures in live cells (Fig. 5). Using time-lapse photography, we observed
a quick (in a range of minutes) disassembly of the structures during mitosis (Fig. 5C; see
also Movie S1 in the supplemental material) or following 72 h of continuous growth in

FIG 3 Detection of ringlike structures in nuclei of cells expressing IRS-1 fused with a nuclear localization
signal (NLS). (A and B) Confocal images of LN-229 human glioblastoma cells transiently transfected with
the construct in which the CMV promoter drives the expression of human IRS-1 cDNA cloned in frame
with the NLS and a myc tag (pALS1-NLS-IRS-1/mycTag). The unique nuclear ringlike structures were
detected by either anti-IRS-1 rabbit polyclonal antibody (green fluorescence) (A) or anti-myc tag mouse
monoclonal antibody (red fluorescence) (B), and the nuclei are labeled with DAPI (blue fluorescence). (C)
Detection of IRS-1 ringlike structures by Nomarski contrast (arrows) in LN-229 cells expressing the
pALS1-NLS-IRS-1/mycTag construct. In the same image, nucleoli are indicated by “no.” (D) Similar ringlike
structures were also observed in another human glioblastoma cell line, U87MG; in normal human
astrocytes (NHA); and in mouse embryo fibroblasts (MEF), all of which were transfected (transiently) with
the same pALS1-NLS-IRS-1/mycTag plasmid vector.
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serum-free medium (SFM) (Fig. 5A and Movie S2). They reassembled (in minutes) after
cytokinesis (Fig. 5C and Movie S1) or when the serum-starved cells were stimulated
again (Fig. 5A and Movie S2). After treatment of growth stimuli (Movie S2), the cells
required between 3 and 6 h for a full reassembly of the structures after starvation.
Interestingly, the cells that lost the structures in SFM were still positive for MitoDsRed
fluorescence (Fig. 5A). The Western blot depicted in Fig. 5B demonstrates a significant

FIG 4 Detection of IRS-1 ringlike structures in living cells. (A) Schematic illustration of the NLS–IRS-1–GFP/
MitoRed expression vector in which human IRS-1 cDNA is cloned in frame with green fluorescent protein
(GFP), an NLS, an HA tag, and MitoRed. Since the MitoDsRed2 sequence was inserted behind the T2A
sequence, which encodes a viral self-cleaving peptide, this plasmid generates two independent proteins,
NLS–IRS-1–GFP(HA) and MitoRed, from the same translation product. (B and C) Representative confocal
images of live HeLa cells that stably express the NLS–IRS-1–GFP/MitoRed plasmid. IRS-1 ringlike structures
were detected by either EGFP-associated green fluorescence (B) or Nomarski contrast (C). The red fluores-
cence in panel B indicates mitochondria (MitoRed). (D and E) HeLa clones expressing NLS–IRS-1–GFP/
MitoRed were additionally immunolabeled with different anti-IRS-1 antibodies: anti-IRS-1(pS616) mouse
monoclonal antibody (catalog no. 3193S; Cell Signaling Technology) (which recognizes the pS616 residue
in the human IRS-1 molecule) (D) and anti-IRS-1(pY612) rabbit polyclonal antibody (catalog no. 44816G;
Thermo Fisher Scientific) (which recognizes pY612 in human IRS-1) (E). The FarRed-conjugated secondary
antibodies were utilized to avoid possible interference from MitoRed fluorescence. IR/DR, inverted repeat/
direct repeat sequence; BSD, blasticidin S deaminase gene; PGK, phosphoglycerate kinase promoter; mCMV,
murine cytomegalovirus early promoter; Hs IRS1, Homo sapiens IRS1 gene.
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decrease in the level of the NLS–IRS-1–GFP fusion protein in SFM over time. This
decrease in the NLS–IRS-1–GFP protein level could contribute, at least partially, to the
observed disassembly of the structures in SFM.

To test the mobility of IRS-1 molecules within IRS-1 nuclear structures, we carried
out fluorescence recovery after photobleaching (FRAP). In the FRAP experiment, a
defined area of the IRS-1 nuclear structure was bleached irreversibly by a single,
high-powered spot laser pulse. The recovery of the fluorescent signal in the bleached
area is the consequence of the replacement of the GFP fusion protein from the
surrounding nucleoplasm. The average FRAP half-time of 18.44 � 4.4 s (n � 8) (Fig. 5D

FIG 5 Dynamics of IRS-1/LC3 nuclear structures determined in HeLa clones stably expressing NLS–IRS-
1–GFP/MitoRed. (A) Cells were starved in serum-free medium (SFM) for 72 h and subsequently stimulated
with 10% FBS for 6 h. Both EGFP fluorescence and MitoRed fluorescence were registered. The time-lapse
images were acquired every 30 min for 6 h by using a VivaView LCV110U instrument (Olympus). The
presented images show the starting point (SFM at 72 h) and the 6-h time point following FBS stimulation
(FBS at 6 h) of the 24-h time-lapse experiment (see Movie S3 in the supplemental material). (B) Western
blot analysis indicating IRS-1 protein levels following stimulation with 10% FBS for 6 h and following
serum starvation in SFM for 12, 24, 48, and 72 h. (C) Time-lapse images were taken every 10 min for 12
h following serum stimulation (10% FBS). Two cells indicated by arrows are positive for IRS-1 ringlike
structures and are undergoing mitotic division, as shown by the time-lapse experiment depicted in
Movie S2. (D) Fluorescence recovery after photobleaching (FRAP). Shown are representative fluorescent
images of two areas selected for photobleaching (two white circles labeled 1 and 2). The two plots on
the right side of the image show increasing intensities of fluorescence after photobleaching obtained
from areas 1 and 2, respectively. Time-lapse analysis of FRAP is provided in Movie S3.
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and Movie S3) indicates a rapid movement of the NLS–IRS-1–GFP molecules into and
out of the nuclear structure, indicating their highly dynamic nature.

Interactions between IRS-1 nuclear structures and other nuclear suborganelles.
The IRS-1 nuclear structures share the nucleoplasm with an array of other nuclear
bodies, including nucleoli, Cajal bodies, PML bodies, Polycomb bodies, speckles, and
paraspeckles. Our results show that IRS-1 nuclear structures are most likely unique; do
not overlap nucleoli (Fig. 6A) or other tested nuclear suborganelles, including Cajal
bodies (Fig. 6B) and nuclear speckles (Fig. 6C); and do not contain large quantities of
double-stranded RNA (dsRNA), as indicated by the lack of pyronin Y labeling (Fig. 6A).
We also found a particular relationship between IRS-1 nuclear structures and PML
bodies, in which a single PML body interacts with the surface of a single IRS-1 structure
(Fig. 6D).

Detection of LC3 inside IRS-1 nuclear structures. Exponentially growing HeLa
clones expressing the NLS–IRS-1–GFP/MitoRed construct are very efficient in forming
IRS-1 nuclear structures, which enabled the preparation of nuclear extracts enriched
with these structures. Although mass spectrometry (MS) analyses based on these
enriched nuclear fractions demonstrated a high degree of contamination (data not
shown), we selected and tested several candidate proteins by immunocytofluorescence
and immunoprecipitation. The results in Fig. 7 demonstrate that one of the tested
proteins, LC3, localized within the IRS-1 nuclear structure. LC3 is a key autophagy
initiator (28, 29) that has also been detected in the nucleus (30). In this experiment,
LN-229 cells expressing the NLS–IRS-1–myc tag fusion protein and double immunola-
beled with anti-myc tag mouse monoclonal antibody (red) and anti-LC3 rabbit poly-
clonal antibody (green) revealed that LC3 is localized inside the structure (Fig. 7A). We
confirmed this result in HeLa cells expressing the NLS–IRS-1–GFP/MitoRed construct. In
these cells, IRS-1 nuclear structures were visualized by EGFP fluorescence, and LC3 was
detected by using an anti-LC3 rabbit polyclonal antibody (red) (Fig. 7B). It should be
emphasized that our attempts to detect other autophagy proteins or biological mem-

FIG 6 Positioning of the IRS-1 nuclear structures with respect to other nuclear suborganelles. (A)
Confocal images of LN-229 cells expressing the NLS–IRS-1–myc tag construct. The cells were fixed,
immunolabeled with anti-myc tag antibody (red), and labeled with pyronin Y to detect nucleolar RNA
(green fluorescence). (B to D) HeLa cells expressing the NLS–IRS-1–GFP construct. The cells were
additionally immunolabeled with anticoilin antibody (marker of Cajal bodies) (red fluorescence) (B),
anti-SC35 antibody (marker of nuclear speckles) (red fluorescence) (C), or anti-PML antibody (marker of
PML bodies) (red fluorescence) (D).
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branes within the IRS-1/LC3 complexes were negative (data not shown). Importantly,
we were also able to detect LC3 inside IRS-1 nuclear structures in human glioblastoma
clinical samples (Fig. 7C). In these archival samples, the structures have a different
appearance than in cell culture (Fig. 7A and B), which may be a result of tissue
processing and/or the quality of the archival brain tumor clinical samples. In fact, we
found IRS-1 ringlike nuclear structures in fresh tissue explants form mouse glioblastoma
xenografts (Fig. 2E).

Three-dimensional (3-D) confocal reconstruction of a single IRS-1/LC3 structure
revealed a cylinder-like shape in which LC3 is “encapsulated” by the IRS-1 overlay (Fig.
7D). This 3-D image also suggests that IRS-1 and LC3 may not bind directly to each
other, since the overlap between red fluorescence (LC3) and green fluorescence was
quite low inside the structures (4.6% � 0.3% overlap between red and green pixels).

FIG 7 Detection of LC3 in IRS-1 ringlike structures. (A) Confocal images of two LN-229 human glioblas-
toma cells expressing the NLS–IRS-1–myc tag fusion protein (pALS1-NLS-IRS-1/mycTag). Double immu-
nolabeling was performed using by anti-myc tag mouse monoclonal antibody (red) and anti-LC3 rabbit
polyclonal antibody (green). DAPI labeling was used to visualize nuclei (blue). LC3 immunolabeling
(green) is localized inside the ringlike structure immunolabeled with anti-myc tag antibody (red). (B)
Single immunolabeling with anti-LC3 rabbit polyclonal antibody (red) was utilized to detect IRS-1/LC3
structures in HeLa cells stably expressing the NLS–IRS-1–GFP construct (see the legend to Fig. 4). To avoid
potential spectral overlap (fluorescence bleedthrough), which in the case of the IRS-1–GFP nuclear rings
can also excite the red channel, we used a secondary antibody conjugated with FarRed (Alexa Fluor 647).
(C) Confocal images of IRS-1/LC3 nuclear structures found in glioblastoma biopsy specimens. Formalin-
fixed, paraffin-embedded sections were immunolabeled with anti-IRS-1(pS612) mouse monoclonal
(green) and anti-LC3 rabbit polyclonal (red) antibodies, and colocalization between IRS-1 and LC3 was
evaluated by using confocal imaging in combination with SlideBook 5 Mask operation software. (D)
Three-dimensional reconstruction of the IRS-1/LC3 nuclear ringlike structure from panel B. The image was
acquired by using an Olympus FV1000 confocal microscope and processed by using SlideBook 5 software
(3-D volume reconstruction).
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Moreover, a proximity ligation assay (PLA) (DuoLink; Sigma), which can recognize two
molecules separated by about 30 nm, failed to detect IRS-1/LC3 interactions inside the
structures (Fig. 8A). Instead, we detected multiple IRS-1/LC3 complexes within the
nucleoplasm outside the structures (Fig. 8A, white nuclear fluorescence). These IRS-1/
LC3 complexes were not detected when either anti-IRS-1 or anti-LC3 antibody was
omitted (Fig. 8B) (DuoLink negative controls). We confirmed this direct interaction
between IRS-1 and LC3 using reciprocal immunoprecipitation (IP)/Western blotting and
soluble nuclear fractions (Fig. 8C). In contrast, IP/Western analyses performed with
insoluble nuclear fractions, which are also highly enriched with the IRS-1/LC3 nuclear
structures, were negative (Fig. 8D). These results support our data from the proximity
ligation assay indicating a direct interaction between IRS-1 and LC3 in the nucleoplasm
outside the IRS-1/LC3 structures (Fig. 8A). This binding could be mediated by the
LC3-interacting region (LIR) that we identified in the IRS-1 phosphotyrosine binding
(PTB) domain (amino acids [aa] 162 to 167) of human IRS-1 (31). On the other hand, the
mechanism by which IRS-1 and LC3 molecules interact within the IRS-1/LC3 nuclear
structures seems to be indirect. Finally, Fig. 8E shows control Western blots that
demonstrate very low cross-contamination between the subcellular fractions used in
this experiment.

IRS-1/LC3 nuclear structures inhibit starvation-induced and rapamycin-
induced autophagy. It was recently reported that nuclear LC3 is directly involved in
starvation-induced autophagy (32), and our data show that LC3 can be sequestered
inside the IRS-1-containing nuclear structures (Fig. 7). These data encouraged the idea
that the IRS-1/LC3 nuclear structures may function as a new autophagy control mech-
anism. The results in Fig. 9 show that HeLa cells expressing the NLS–IRS-1–GFP(HA)/
MitoRed transgene (clone 006) were capable of forming autophagosomes only when
the IRS-1/LC3 nuclear structures were not assembled. In this experiment, autophagy
was stimulated by either rapamycin treatment or amino acid starvation, and autopha-
gosomes were detected by using the baculovirus-mediated expression of an LC3-GFP
reporter (33). In all experiments, we used 70 to 90% confluent cultures grown in 10%
fetal bovine serum (FBS) for 2 to 3 days. Under these conditions, we usually see about
60% of cells positive for IRS-1/LC3 nuclear structures and about 40% of cells with diffuse
green nuclear fluorescence in the absence of the structures. This is in spite of the fact
that the transgene (NLS–IRS-1–GFP) is constitutively expressed (Fig. 4A), and nearly
100% of the cells (clone 006) are still capable of assembling the structures after
restimulation with fresh FBS (see Movie S2 in the supplemental material). This particular
feature of the model allowed us to quantify autophagy in IRS-1/LC3-positive and
IRS-1/LC3-negative cells in the same culture. The results in Fig. 9A show autophago-
somes in 5.7% of the cells without the induction of autophagy (control), and all
autophagosome-positive cells were negative for IRS-1/LC3 nuclear structures (arrows).
In cells exposed to amino acid starvation, autophagosomes were detected in 19.3% of
IRS-1/LC3-negative cells and in 0.5% of IRS-1/LC3-positive cells (Fig. 9A, histogram).
Finally, cells exposed to rapamycin demonstrated autophagosomes in 26.1% of IRS-1/
LC3-negative cells and in 1.5% of IRS-1/LC3-positive cells (Fig. 9A, histogram). These
data indicate a strong inverse correlation between the presence of IRS-1/LC3 nuclear
structures and the formation of autophagosomes.

We also asked how the presence of the IRS-1/LC3 nuclear structures affects two
molecular markers of autophagy: the LC3-II/LC3-I ratio, which is expected to increase in
cells undergoing autophagy, and the stability of p62(SQSTM1), which is expected to
rapidly decline during autophagy. The results in Fig. 9B demonstrate that in comparison
to HeLa cells expressing an empty vector (HeLa/EV), cells with IRS-1/LC3 nuclear
structures (HeLa/CL006) demonstrated a practically unchanged LC3-II/LC3-I ratio and
more stable p62(SQST1) following amino acid starvation. This further confirms that cells
positive for IRS-1/LC3 nuclear structures have attenuated autophagy.

We have confirmed this result with the inducible (Tet-on) expression of nuclear IRS-1
(IND–NLS–IRS-1–GFP) using a single-vector lentiviral system (Fig. 10A). The results in
Fig. 10B demonstrate that HeLa cells expressing this construct are capable of forming
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FIG 8 Characterization of the IRS-1/LC3 nuclear interaction. (A) Proximity ligation assay of the IRS-1/LC3
nuclear interaction. In this assay, anti-HA tag mouse monoclonal or anti-IRS-1 mouse monoclonal antibodies
were used in combination with anti-LC3 rabbit polyclonal antibody in HeLa cells stably expressing the
NLS–IRS-1–GFP(HA)/MitoRed construct. Subsequently, DNA-bound secondary anti-mouse and anti-rabbit
antibodies were used as a substrate for DNA ligation, amplification, and in situ hybridization, all of which were
performed according to the manufacturer’s recommendations (DuoLink; Sigma). Green fluorescence associ-
ated with the NLS–IRS-1–GFP fusion protein indicates positions of IRS-1 nuclear structures, and white
fluorescence indicates sites in which nuclear IRS-1 and LC3 are in proximity to each other (20 to 30 nm). These
DuoLink-positive sites are abundant inside the nucleus but overlap the IRS-1 nuclear structures only rarely.
(B) Control DuoLink reactions in which the indicated primary antibodies (ab) were omitted. (C and D)
Reciprocal immunoprecipitation/Western blot analyses (IP/W) based on HeLa/NLS-IRS-I/GFP(HA)/MitoRed
cells from which two nuclear fractions were prepared: a nuclear fraction enriched with IRS-1/LC3 ring
structures (insoluble nuclear fraction) and the remaining nucleoplasm from which IRS-1 nuclear rings were
extracted (soluble nuclear fraction). Note that reciprocal binding between IRS-1 and LC3 was detected
exclusively in the soluble nuclear fraction. In this experiment, anti-GFP mouse monoclonal (catalog no.
sc-9996; Santa Cruz Biotechnology) and anti-LC3 rabbit polyclonal (catalog no. M152-3; MBL) antibodies were
used for immunoprecipitation, and Western blots were probed with anti-GFP mouse monoclonal (catalog no.
sc-9996; Santa Cruz Biotechnology) and anti-LC3 rabbit polyclonal (catalog no. 12741S; Cell Signaling
Technology) antibodies. (D) IP/Western analysis of the insoluble nuclear fraction. We used anti-IRS-1 rabbit
polyclonal (catalog no. 06-248; Millipore) and anti-HA rabbit polyclonal (catalog no. sc-805; Santa Cruz
Biotechnology) antibodies for immunoprecipitation, and the corresponding Western blot was developed with
anti-LC3 rabbit polyclonal antibody (catalog no. 12741P; Cell Signaling Technology). Note the absence of an
interaction between IRS-1 and LC3 in the insoluble nuclear fraction enriched with the IRS-1/LC3 nuclear
structures. (E) Control Western blot to evaluate potential cross-contamination between subcellular fractions.
We used the procedure described in Materials and Methods to obtain cytosolic as well as soluble and
insoluble nuclear fractions. We used anti-GAPDH (catalog no. sc-47724; Santa Cruz Biotechnology) and
anti-lamin A/C (catalog no. 2032; Cell Signaling Technology) antibodies to evaluate the purities of the
cytosolic and nuclear fractions, respectively.

IRS-1/LC3 Nuclear Structures Molecular and Cellular Biology

May 2018 Volume 38 Issue 10 e00608-17 mcb.asm.org 13

http://mcb.asm.org


FIG 9 Inhibition of autophagy by IRS-1/LC3 nuclear structures. (A) Exponentially growing (10% FBS) HeLa cells stably expressing the
NLS–IRS-1–GFP(HA)/MitoRed transgene (HeLa/CL006) were additionally transduced with the baculovirus-based LC3-GFP reporter (to
detect autophagosomes), and autophagy was stimulated by either amino acid (AA) starvation or rapamycin treatment. Note that
autophagosomes (arrows and green cytosolic vesicles) are detected almost exclusively in cells negative for IRS-1 nuclear structures
(green nuclear structures). Red cytosolic fluorescence indicates mitochondria (MitoRed). The histogram demonstrates the quantifica-
tion of cells positive for autophagosomes among cells that are either positive or negative for IRS-1/LC3 nuclear structures. Data
represent average values with standard deviations (n � 3; at least 500 cells were counted per experiment). (B) Western blot analyses
of HeLa cells transfected with the empty vector (EV) and HeLa cells expressing NLS–IRS-1–GFP(HA)/MitoRed (HeLa/CL006). The cells
were exposed to amino acid starvation for 0, 2, and 6 h, and the corresponding blots were probed with anti-LC3 and anti-p62 rabbit
polyclonal antibodies, respectively. Anti-GAPDH antibody was used as a loading marker. The histograms show quantifications of the
corresponding blots using ImageJ. Data represent arbitrary densitometry units for LC3-II/LC3-I ratios and p62 levels normalized by the
GAPDH loading control.
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IRS-1 nuclear structures following doxycycline treatment (arrows and green fluores-
cence). In this experiment, the cells were additionally transduced with the LC3-red
baculovirus system (Molecular Probes, MA) to monitor the de novo formation of
autophagosomes (Fig. 10B, arrow and red fluorescence). Following doxycycline treat-
ment (for 24 h) and amino acid starvation (for 4 h), HeLa cells transduced with the
LC3-red and/or the IND–NLS–IRS-1–GFP vector were analyzed by confocal imaging. We
observed red autophagosomes almost exclusively in cells negative for IRS-1 nuclear
structures (Fig. 10B). Quantitatively, we detected autophagosomes in 0.41% � 0.05%
(n � 4; at least 100 cells per experiment were counted) of cells positive for IRS-1 nuclear
structures (Fig. 10C, first bar) and in 23.3% � 7.7% of cells negative for IRS-1 nuclear
structures in the same culture (Fig. 10C, second bar). In the absence of amino acid

FIG 10 Inducible expression of IRS-1 nuclear structures inhibits autophagy. (A) Linear map of the inducible (Tet-on)
lentivirus single-vector system (Lenti-IND-NLS-IRS-1-GFP). LTR, long terminal repeat. (B) Confocal images demon-
strating inducible expression of nuclear IRS-1 in the presence of an autophagy marker, LC3-RFP protein expressed
from baculovirus (Molecular Probes). HeLa cells expressing these two constructs were cultured in the presence or
absence of amino acid (AA) starvation and in the presence or absence of doxycycline treatment (1,000 nM). (C)
Quantification of data from the experiment in panel B. The histogram illustrates the percentages of cells positive
for LC3-labeled autophagosomes (red fluorescence) in cells that were either positive or negative for IRS-1 nuclear
structures (green fluorescence). Data represent average values (� standard deviations) from 4 independent
experiments in which at least 1,000 cells per experiment were counted (n � 4). RSV, Rous sarcoma virus; RRE, Rev
response element; cPPT/CTS, central polypurine tract/central termination sequence; WPRE, woodchuck hepatitis
virus posttranscriptional regulatory element; CAP, catabolite activator protein.
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starvation, we detected autophagosomes in 4.6% � 1.4% of cells, and all cells were
negative for IRS-1 nuclear structures (Fig. 10C, third bar). Finally, amino acid starvation
in the absence of IRS-1 nuclear structures (Fig. 10C, fourth bar) resulted in 32.9% � 5.8%
of cells with autophagosomes. These data confirmed a reverse correlation between the
presence of IRS-1 nuclear structures and the formation of autophagosomes and imply
that the retention of LC3 in the nucleus may play a role in this process.

To test this possibility, we isolated nuclear extracts form HeLa/EV and HeLa/CL006
cells 0, 2, and 4 h following amino acid starvation. The Western blot analysis in Fig. 11A
demonstrates an apparent presence of LC3 in the nucleus and its gradual decline
following amino acid starvation. In contrast, HeLa/CL006 cells demonstrated a gradual
accumulation of LC3 in the nucleus following amino acid starvation. Interestingly, we
also detected p62(SQSTM1) in the nuclear fraction of HeLa/CL006 cells 4 h after
starvation (Fig. 11A). This could be relevant to our study since p62(SQSTM1) was
recently found in PML bodies (34), and our data demonstrate a direct interaction
between IRS-1/LC3 nuclear structures and PML bodies (Fig. 6D). Finally, we also
observed an apparent accumulation of nuclear LC3 in HeLa cells but only in the
absence of autophagosomes (Fig. 11B, arrow). In this experiment, the cells were
exposed to amino acid starvation following the coexpression of pALS-NLS-IRS-1/
mycTag and LC3-GFP. This further supports our hypothesis that the retention of LC3
inside the IRS-1 nuclear structures is directly involved in the inhibition of autophagy.

Drug resistance of glioblastoma cells engineered to form IRS-1 nuclear struc-
tures. Drug resistance represents one of the major reasons for the failure of antiglio-
blastoma therapies, and autophagy may play a role in this process. Therefore, we
evaluated whether glioblastoma cells engineered to form IRS-1 nuclear structures
become resistant to temozolomide (TMZ), the standard of care for glioblastoma pa-
tients (35, 36). The results in Fig. 11C demonstrate that LN-229 human glioblastoma
cells, which are TMZ sensitive (37), acquired partial resistance to this anticancer drug
after the ectopic expression of NLS–IRS-1. In this experiment, we sorted LN-229 cells
transfected with the NLS–IRS-1–GFP/MitoRed construct into three cell subpopulations,
expressing low (L), medium (M), or high (H) levels of the transgene (Fig. 11C, inset).
Importantly, all LN-229 cells expressing the NLS–IRS-1–GFP transgene demonstrated a
survival advantage in the presence of 250 �M TMZ, and the population characterized
by the highest level of GFP fluorescence associated with IRS-1 nuclear structures was
the most resistant to TMZ (Fig. 11C).

DISCUSSION

In this study, we report a new finding of nuclear structures that consist of at least
two protein components, IRS-1, which is a typical signaling molecule (1), and LC3,
which is a typical autophagy protein (38). These new nuclear structures were first
detected in a limited number of tumor cells from glioblastoma biopsy specimens (Fig.
1) and in glioblastoma xenografts (Fig. 2). We were also able to reproduce them in cell
culture by the ectopic expression of IRS-1 cloned in frame with a nuclear localization
signal (NLS–IRS-1) (Fig. 3 and 4). This in vitro approach allowed us to conduct a further
evaluation of their properties, function, and structure. Using confocal imaging, we
demonstrated that cells expressing the NLS–IRS-1 transgene form nuclear structures,
which vary in size and can reach up to 2 �m in diameter. They often develop a ringlike
appearance in which IRS-1 localizes at the periphery and the center harbors LC3 (Fig.
7). Once the IRS-1/LC3 complexes are formed, they are highly dynamic, as evidenced by
the fact that they disassemble during mitosis, reappear shortly after cytokinesis (Fig. 5C;
see also Movie S1 in the supplemental material) or when serum-starved cells are
stimulated to grow (Fig. 5A and Movie S2), and rapidly exchange IRS-1 molecules with
the surrounding nucleoplasm (Fig. 5D and Movie S3). These dynamic properties indi-
cate that the structures could have a specific nuclear function and refute the argument
that they are simply aggregates of misfolded/overexpressed proteins destined for
degradation.

The fact that we observed these new IRS-1-containing nuclear structures only in a
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FIG 11 Accumulation of LC3 in the nucleus in cells positive for IRS-1 nuclear structures is associated with inhibition
of autophagy. (A) Western blot analysis of nuclear extracts from HeLa/EV and HeLa/CL006 cells 0, 2, and 4 h
following amino acid starvation. The last lane in the blot represents the cytosolic fraction from HeLa/CL006 cells
without amino acid starvation (control). The blots were probed with anti-LC3 (Cell Signaling Technology) and
anti-p62(SQSTM1) (Santa Cruz). Anti-histone H3 (Cell Signaling Technology) and anti-GAPDH (Santa Cruz Biotech-
nology) were used as nuclear and cytosolic markers, respectively. (B) Confocal images of HeLa cells cotransfected
with the pALS-NLS-IRS-1/mycTag plasmid and the LC3-GFP baculovirus vector. IRS-1 nuclear structures (red
fluorescence) were immunolabeled with mouse monoclonal anti-myc tag antibody (catalog number sc-40; Santa
Cruz Biotechnology). Both nuclear LC3 and LC3 within autophagosomes are labeled with GFP. Colocalization
between nuclear IRS-1 and nuclear LC3 is indicated by an arrow, and cells with autophagosomes are indicated by
a white asterisk. Nuclei were counterstained with DAPI (blue fluorescence). (C) Drug resistance detected in tumor
cells positive for IRS-1/LC3 nuclear structures. Temozolomide (TMZ)-sensitive LN-229 human glioblastoma cells
were transfected with NLS–IRS-1–GFP(HA)/MitoRed and sorted to obtain three mixed populations, expressing low
(L), medium (M), and high (H) levels of the transgenes (NLS–IRS-1–GFP and MitoRed). Resistance to temozolomide
was tested in monolayer cultures in the presence of 10% FBS with or without 250 �M TMZ. LN-229 cells transfected
with an empty vector were used as a control. In both panels, data represent average values � standard deviations
(n � 3). * indicates statistically significant differences between HeLa/EV and HeLa/CL006 cells or between
LN-229/EV and LN229/NLS-IRS-1 cells; ** indicates statistically significant differences between LN-229/NLS-IRS-
1(low) and LN-229/NLS-IRS-1(high) cells. The inset shows cell sorting and confocal analyses of LN-229 cells
expressing the NLS–IRS-1–GFP(HA)/MitoRed transgene. Cells with low, medium, and high levels of the transgene
(NLS–IRS-1–GFP) were selected and used for the TMZ resistance assay.
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small population of glioblastoma tumor cells suggests that they could be produced by
tumor stem cells. In fact, we observed a significant increase in their appearance in
glioblastoma-bearing mice following genotoxic treatment (Fig. 2D), conditions under
which tumor stem cells usually acquire a growth advantage. However, our preliminary
searches indicated that neither CD133-positive nor CD44-positive glioma-initiating cells
were positive for IRS-1-containing nuclear structures. We found instead that glioblas-
toma cells positive for the IRS-1 nuclear structures have elevated levels of Bmi1-
containing Polycomb bodies (data not shown). This could be relevant since the repression
of the Ink4a-Arf locus by Polycomb repressor complex 1 was closely associated with
stemness (39–42). Further experiments are required to verify if the formation of
IRS-1/LC3 nuclear structures is indeed associated with a stemlike phenotype.

Another interesting observation is that all IRS-1-containing nuclear structures have
a circular shape in the same plane, which indicates that their 3-D images should
resemble the shape of a sphere (a sphere is the only 3-D object that can generate a
perfect circle in all planes). However, our 3-D confocal image reconstructions generated
oval-like or barrel-like images of the IRS-1/LC3 structures (Fig. 7D). This discrepancy
could be explained by a well-known phenomenon, the distortion of confocal/fluores-
cent images along the z axis, which is defined by the point spread function (PSF) (43).
Considering this interpretation, the IRS-1/LC3 nuclear structures most likely have the
shape of a sphere.

It is well accepted that the membraneless nuclear suborganelles play a fundamental
role in nuclear function. However, the molecular mechanism(s) controlling their forma-
tion and stability is much less well understood. It was recently proposed that these
nuclear suborganelles can be assembled through the phase separation of their specific
molecular components, and importantly, they are capable of forming multiple func-
tional compartments within the structure. Recent work by Feric et al. (44) demonstrates
that the mixing of specific purified nuclear proteins results in their phase separation
into droplets containing noncoalescing liquid phases, which under certain conditions
can form multicompartmental sphere-like structures morphologically resembling na-
tive nuclear suborganelles even as complex as nucleoli. Considering these new findings,
the assembly and stability of our IRS-1-containing nuclear structures could also involve
liquid-phase separation based on the immiscibility of their components. In our exper-
imental setting, the formation of the nuclear structures happens within the native
nuclear environment and is initiated by the ectopic overexpression of IRS-1 in the
nucleus (Fig. 3 and 4). In addition, these IRS-1-containing nuclear structures recruit at
least one additional component, LC3, and assemble it in a way such that the outer part
consists of serine-phosphorylated IRS-1 molecules and the center harbors endogenous
LC3 (Fig. 7). Also, in comparison to ex vivo data (44), our experimental model involves
additional intrinsic control mechanisms, which are provided by the native nuclear
environment. These mechanisms are responsible for the observed disassembly of the
IRS-1/LC3 nuclear structures during mitosis (in minutes) and following prolonged serum
starvation (in days) and for their reassembly after cytokinesis is completed (in minutes),
and the cells are stimulated to grow (Movies S1 and S2). All these regulatory events
happen in spite of the fact that the main stimulus, the accumulation of the NLS–IRS-1
fusion protein, is constitutively delivered (Fig. 4). Therefore, in addition to the specific
physical traits associated with liquid-phase separation and the availability of substrates
(nuclear IRS-1 and nuclear LC3), there are also intrinsic mechanisms in the nucleus that
affect/control the assembly and stability of these new nuclear suborganelles. In addi-
tion, negative data from pyronin Y labeling (Fig. 6A) suggest that either RNA is not
present or its content is low in IRS-1/LC3 structures.

Highly organized IRS-1/LC3 ringlike structures are formed in vitro following the
ectopic overexpression of NLS–IRS-1. However, they have a different appearance in
glioblastoma biopsy specimens. In archival tumor samples, the IRS-1/LC3 structures are
often less regular, are smaller (up to 1 �m), and show a high degree of colocalization
between LC3 and IRS-1 (compare Fig. 7A and B with C and with Fig. 1F and G). These
morphological differences may suggest that the structures formed in vitro could be
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different from those found in archival tissues. However, they may also indicate that
these differences could be an artifact of tissue processing, such as formalin fixation,
tissue dehydration, paraffin embedding, and subsequent rehydration, which may con-
tribute to the shrinkage and distortion of these delicate membraneless structures.
However, on rare occasions, we observed ringlike structures in fresh tumor explants
(Fig. 2E).

One obvious clue in determining how the IRS-1-containing nuclear structures may
function is the presence of LC3 detected in the core of the structure. LC3, in addition
to being a key component of the autophagosome, has also been detected in the
nucleus (29, 30), yet autophagy inside the nucleus has never been reported. Indeed,
when the IRS-1/LC3 structures were tested for the presence of other autophagy
proteins or biological membranes, the results were negative (data not shown). This
challenged our initial thought that the IRS-1/LC3 structures may act as putative nuclear
autophagosomes. Instead, our data indicate that the IRS-1/LC3 nuclear structures are
involved in the regulation of autophagy in the cytoplasm, most likely by controlling a
nuclear pool of LC3. It was recently proposed that nuclear LC3 is both directly involved
in and indispensable for starvation-induced autophagy (32). Our data support this
mechanism and provide an additional, so-far-unknown level of autophagy control.

In summary, this is the first demonstration of nuclear structures that contain two
common cytoplasmic molecules, IRS-1 and LC3. They are highly dynamic and may play
a critical role in controlling autophagy. Further studies are necessary to determine their
complete molecular composition and structure and to explain how the temporal
appearance and disappearance of these nuclear structures could link autophagy with
the resistance of tumor cells to stress, including the resistance of glioblastoma cells to
temozolomide (Fig. 11C).

MATERIALS AND METHODS
Human brain tumor biopsy specimens. A commercially available brain tumor tissue microarray was

purchased from US Biomax, Inc. (Rockville, MD). The slide (GL803a) consisted of 80 cores from 80 different
cases, which included low-grade diffuse astrocytomas (10 cases), anaplastic astrocytomas (9 cases),
glioblastomas (33 cases), oligodendrogliomas (6 cases), anaplastic oligodendrogliomas (4 cases), mixed
oligoastrocytomas (3 cases), medulloblastomas (3 cases), ependymomas (2 cases), anaplastic ependymo-
mas (2 cases), normal brain tissue (5 cases), and melanoma (1 case). The tissues were previously fixed in
formalin and embedded in paraffin. Following hematoxylin-and-eosin (H&E) staining the tumors were
reevaluated by a neuropathologist (L. Del Valle) for accurate diagnosis and quality of the tissue. Using this
additional evaluation, we selected 64 brain tumor tissues and evaluated them for IRS-1 subcellular
localization (Table 1 and Fig. 1).

Cell culture. The cell culture and animal experiments were based on a human glioblastoma cell line,
LN-229 (ATCC CRL-2611), and two glioblastoma isolates, GBM12 ARG (TMZ sensitive) and GBM12 TMZ (TMZ
resistant). GBM12 cells were kindly provided by Jann Sarkaria (Mayo Clinic, Rochester, MN) and are routinely
propagated in subcutaneous tissue of immunodeficient mice. These cells were used for both intracranial
xenografts and short-term cell culture experiments (20). In addition, HeLa cells (cervical adenocarcinoma;
ATCC CCL-2) were used for the large-scale production and purification of the IRS-1 nuclear structures and for
analyses of IRS-1/LC3 nuclear structures in living cells. We also employed another human glioblastoma cell
line, U87MG (ATCC HTB-14); MEFs (45); and NHAs (Lonza/Clonetics, Walkersville, MD).

Intracranial tumor growth. All described procedures were performed according to an approved LSU
Health Sciences Center (LSUHSC) IACUC protocol (IACUC protocol no. 3444). Foxn1nu immunodeficient
mice (Charles River) were anesthetized with 4% isoflurane, and the depth of anesthesia was monitored
by toe and tail pinch reflexes. The temperature was maintained at 36.6°C to 37.5°C with a homeothermic
blanket throughout the procedure. Mice were placed into a stereotactic frame (Stoeliting), and a 2- to-3
mm incision was made on the head just to the right of the midline. A small burr hole (0.45 mm) was made
in the skull by using a small dental drill. Mice were inoculated with 1 � 105 GBM12 glioblastoma cells
in 2 �l phosphate-buffered saline (PBS) at a rate of 0.8 �l/min by using a microprocessor-controlled
injector (Harvard Apparatus) with the following coordinates: 2 mm posterior to the bregma and 1.5 mm
lateral to the sagittal suture, at a depth of 3.4 mm into the brain parenchyma. After inoculation, the skin
was sealed with 3M Vetbond tissue-adhesive glue. The mice were kept warm until they recovered from
anesthesia. During the procedure and recovery, mice were continuously monitored for any signs of
distress. At the endpoint of each experiment (20% weight loss), or when mice exhibited signs of pain or
distress, according to IACUC tumor endpoint policy, mice were euthanized by CO2 inhalation.

Expression vectors. We constructed three different expression vectors for this study. The initial
expression vector pALS1-NLS-IRS-1/mycTag is based on the pCMV/myc/nuc plasmid (catalog no. 35-
0838; Invitrogen), which contains a human cytomegalovirus (CMV) promoter, three nuclear localization
signals (3� DPKKKRKV), a myc tag, an SV40 poly(A) signal, and neomycin resistance. The fragment
between NcoI and NotI of this vector was replaced with the PshAI site by using an annealed 5=-
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phosphorylated pair of oligonucleotides (/5Phos/CATGGGACTAGCGTC and /5Phos/GGCCGACGCTAGT
CC). Ultimately, we blunt-end cloned the human IRS-1 open reading frame (ORF) (RefSeq accession no.
NM_005544.2), amplified without the stop codon, using a total cDNA library prepared from RNA isolated
from HeLa cells.

The pAL-NLS-IRS-1-GFP(HA)/MitoRed vector was constructed from the pKT2/PGK-Bsd:GFP_CLP-Luc
plasmid (46). In the first step, Klenow-mediated cloning was used to assemble two fragments amplified
from the pKT2/PGK-Bsd:GFP_CLP-Luc vector (first pair of oligonucleotides, CAGAGGGAAAAAGAATTC
TTAGCCCTCCCACACATAACCAGAG and CCAGCTAGCTACGTAGGTGGAAGCTACTGTACACCAACC; second
pair of oligonucleotides, CTTCCACCTACGTAGCTAGCTGGCCAGACATGATAAGA and GGAGGGCTAAGAAT
TCTTTTTCCCTCTGCCAAAAATTATGGGGAC). In the next step, a self-cleaving E2A peptide (27) and the HA
epitope tag were blunt-end cloned from a pair of annealed 5=-phosphorylated oligonucleotides (forward
[F] oligonucleotide GTATACCCATACGACGTACCAGATTACGCTGGCAGTGGAGAGGGCAGAGGAAGTCTGCTA
ACATGCGGTGACGTCGAGGAGAATCCTGGCCCAACGCGTTGA and reverse [R] oligonucleotide TCAACGCG
TTGGGCCAGGATTCTCCTCGACGTCACCGCATGTTAGCAGACTTCCTCTGCCCTCTCCACTGCCAGCGTAATCTG
GTACGTCGTATGGGTATAC) into the SnaBI site generated in the previous step of cloning. In the following
step, EGFP was Klenow cloned into the SnaBI site from a fragment amplified from pEGFP-N1 (Clontech
Laboratories) (F oligonucleotide GGTTGGTGTACAGTAGCTTCCACCATGCCCGGGGAGCTCGTGAGCAAGGGC
GAGGAGC and R oligonucleotide GCGTAATCTGGTACGTCGTATGGGTATACGTAGAGCTCCTTGTACAGCTCG
TCCATGCCG). In the next step, the dsRed2 fluorescent protein targeted to a mitochondrion sequence
(MitoRed), amplified from the pDsRed2-Mito vector (Clontech Laboratories) with a pair of oligonucleo-
tides (F oligonucleotide GAATCCTGGCCCAACGCGTATGTCCGTCCTGACGCCG and R oligonucleotide CCA
GCTAGCTACTCAACGCGTCTACAGGAACAGGTGGTGGCG), was introduced by Klenow cloning into the MluI
site of the previously generated vector. To target EGFP to the nucleus, a Xenopus laevis nucleoplasmin
nuclear localization signal (KRPAATKKAGQAKKKK) (GenBank accession no. BC072778) was prepared from
an annealed and 5=-phosphorylated pair of oligonucleotides (F oligonucleotide GTAAAGAGGCCTGCGG
CTACCAAAAAAGCAGGCCAGGCAAAGAAGAAGAAA and R oligonucleotide TTTCTTCTTCTTTGCCTGGCCTG
CTTTTTTGGTAGCCGCAGGCCTCTTTAC) and cloned into the SnaBI site of the previously cloned vector.

Ultimately, human IRS-1 cDNA (RefSeq accession no. NM_005544.2) was cloned in frame with all
cloned coding sequences amplified with a pair of oligonucleotides (F oligonucleotide ACAGTAGCTTCC
ACCATGCCCGCGAGCCCTCCGGAGAGC and R oligonucleotide CCTTGCTCACGAGCTCCCCCTGACGGTCCTC
TGGCTGC) from a cDNA library prepared from total RNA isolated from HeLa cells and cloned into the
SmaI site of the vector resulting from the previous cloning step (Fig. 4A). The expression of this vector
generates a single translation product that brakes at the T2A sequence to create two separate peptides:
the first one is targeted to the nucleus fusion protein between the IRS-1 and EGFP proteins, and second
one is tagged with the mitochondrial DsRed fluorescent protein.

The custom-cloned Lenti-IND-NLS-IRS-1-GFP construct (Cyagen Biosciences, CA) is a lentiviral vector
encoding all Tet-on-inducible system elements in a single plasmid, which drives the doxycycline-induced
expression of the NLS–IRS-1–GFP fusion protein. Besides lentiviral packaging components, it includes a
reverse-tetracycline-controlled transactivator (rtTA-Advanced) driven by a CMV promoter and the human
IRS-1 ORF fused in frame with EGFP and three SV40 nuclear localization signals driven by an rtTA-
Advanced-regulated tetracycline response element (TRE) promoter (Fig. 9A).

Immunohistochemistry. The avidin-biotin-peroxidase (ABC) methodology was used according to
the manufacturer’s instructions (Vector Laboratories, Burlingame, CA). Briefly, our modified protocol
includes deparaffinization in xylene, rehydration through descending grades of alcohol up to water,
nonenzymatic antigen retrieval in citrate buffer (pH 6.0) for 30 min at 95°C, and endogenous peroxidase
quenching with H2O2 in methanol for 20 min. After rinsing with PBS, the samples were blocked with 5%
normal goat serum (for rabbit polyclonal primary antibodies) or normal horse serum (for mouse
monoclonal primary antibodies) in 0.1% PBS– bovine serum albumin (BSA). The following primary
antibodies were used: anti-IRS-1 rabbit polyclonal antibody (catalog no. 06-248; Millipore) (1:500 dilution)
and anti-IRS-1(pS612) mouse monoclonal antibody (catalog no. 3193S; Cell Signaling) (1:100 dilution).
After washing with PBS, sections were incubated with biotinylated anti-rabbit or anti-mouse secondary
IgG for 20 min and then rinsed, incubated with ABC complexes, and developed with diaminobenzidine
(Sigma). Finally, the sections were counterstained with hematoxylin, dehydrated in alcohol, cleared in
xylene, and mounted with Permount (Fisher).

Immunofluorescence. The cells were fixed and permeabilized with buffer containing 0.02% Triton
X-100 and 4% formaldehyde in PBS, followed by washing (three times in PBS) and blocking in 5% BSA
for 30 min. The subcellular distribution of IRS-1 was evaluated by utilizing an anti-IRS-1 rabbit polyclonal
antibody (06-248; Millipore) followed by a fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit
secondary antibody (Molecular Probes, Inc., Eugene, OR), and the nuclei were labeled with 4=,6-
diamidino-2-phenylindole (DAPI). Other tested anti-IRS-1 antibodies included IRS-1(pY612) (catalog no.
44816G; Thermo Fisher Scientific), IRS-1(pS612) (catalog no. 3193S; Cell Signaling Technology), IRS-
1(pS612) (catalog no. 3203S; Cell Signaling Technology); IRS-1(pS636/639) (catalog no. 2388S; Cell
Signaling Technology), and IRS-1(pS789) (catalog no. 2389S; Cell Signaling Technology) antibodies. In
cases where the NLS–IRS-1–myc tag vector was used, IRS-1 nuclear structures were also detected with an
anti-myc tag mouse monoclonal antibody (catalog no. sc-40; Santa Cruz). Other primary antibodies
employed in this study included anti-LC3 rabbit polyclonal antibody (catalog no. PD014; MBL), anti-PML
mouse monoclonal antibody (catalog no. sc-966; Santa Cruz), anticoilin mouse monoclonal antibody
(catalog no. ab11822; Abcam), anti-BMI1 rabbit polyclonal antibody (catalog no. 5856S; Cell Signaling
Technology), and anti-SC35 mouse monoclonal antibody (catalog no. 556363; BD Pharmingen), and
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nucleoli were detected by using pyronin Y staining (18). Epifluorescent images were captured by using
a FluoView FV1000 confocal microscope (Olympus of America, Center Valley, PA).

Confocal microscopy and live-cell imaging. All fluorescent and Nomarski contrast images of fixed
cells and tissues were acquired by using a FluoView FV1000 confocal laser scanning microscope
equipped with a multiline argon laser (458 nm, 488 nm, and 515 nm) and diode lasers (405 nm, 559 nm,
and 635 nm) (Olympus of America, Center Valley, PA). For live-cell imaging, cells expressing the
NLS–IRS-1–GFP/MitoRed construct were plated onto 35-mm dishes with a no. 1.5 thick glass bottom
(MatTek, MA). To ensure the formation of large quantities of the IRS-1/LC3 nuclear structures, the
attached cells were first starved with SFM (Dulbecco’s modified Eagle’s medium [DMEM] plus 0.1% BSA)
for 72 h and subsequently stimulated with 10% FBS for 6 h. Once the nuclear structures were formed,
live-cell time-lapse imaging was performed by using either a FluoView FV1000 confocal laser scanning
microscope equipped with a live-cell stage-top incubation system (Pathology Devices, Inc., MD) for
high-magnification, high-resolution, single-cell imaging or a VivaView LCV110U incubator micro-
scope (Olympus) for low-magnification time-lapse imaging of a large number of cells.

For quantitative FRAP analysis, the cells were imaged with a UPlan 100�/1.3 oil objective and a
488-nm argon laser set to a 0.5% nominal output to minimize fluorescence loss during the imaging
phase. The dimension of the imaged area was 256 by 256 pixels (0.49 �m per pixel) at a �20 optical
zoom. Each pixel was imaged for 2 ms. For photobleaching, the selected circular region of the specimen
(1 �m/21 pixels in diameter) was irradiated by a 405-nm blue diode laser set to 100% for 50 ms in
tornado mode. For each experiment, 20 images were acquired before and 600 images were acquired
following photobleaching for a total time of �2 min. Before the FRAP curve was generated, each time
point was corrected for background (Fb) and photofading due to imaging. The Fb value was generated
from a cell-free area of the image measured under the same conditions as those under which FRAP was
performed. To correct for photofading, a time series, Ff(t), was collected. Each time point of raw data was
corrected according to the formula FC(t) � [Fraw(t) � Fb]/[Ff(t) � Fb]. Finally, each time point was normalized
with the corrected initial fluorescence, FC(0), averaged over 20 time points acquired before photobleaching:
FN(t) � FC(t)/FC(0). To compute �1/2 from the FRAP data, the linear interpolation method was used with
GraphPad Prism.

For longer time-lapse imaging of a large number of cells, a VivaView LCV110U system (Olympus)
equipped with a motorized inverted fluorescence microscope was used. For each experiment, three
separate fields were imaged every 10 to 30 min during a 24-h image acquisition session. For each field
and time point, three separate images were acquired: differential interference contrast (DIC), GFP
fluorescence, and RFP fluorescence images. An advanced binary autofocus was used to compensate for
minor sample movements. Finally, the sets of images acquired during time-lapse experiments were
converted into videos by using VivaView 4.19 software.

Cell sorting. A mixed population of LN-229 human glioblastoma cells expressing the NLS–IRS-1–GFP
transgene was sorted by using a BD FACSAria II cell sorter and BD FACSDiva v8.0.1 analysis software. Prior
to sorting, the cells were suspended in PBS at 5 � 106 cells/ml. Cell sorting was performed by using a
100-�m nozzle and pressure at 20 lb/in2 with a speed of 2,000 events/s. Three distinct cell populations,
with low, medium, and high GFP fluorescence, were selected and used for drug testing (Fig. 6).

Immunoprecipitation, Western blots, and subcellular fractionation. Total protein extracts and
nuclear and cytosolic extracts were isolated from LN-229 and HeLa cells expressing NLS–IRS-1 constructs
[pALS1-NLS-IRS-1/mycTag or pAL-NLS-IRS-1-GFP(HA)/MitoRed]. Sample preparation, immunoprecipita-
tion, and Western blotting were performed according to standard procedures described in our previous
studies (9, 25). For Western blotting, total protein extracts (50 mg) were separated on a 4-to-15% gradient
SDS-PAGE gel (Bio-Rad, Hercules, CA) and transferred by using the Trans-Blot Turbo system (Bio-Rad,
Hercules, CA). The resulting blots were probed with the following primary antibodies: anti-GFP mouse
monoclonal antibody (catalog no. sc-9996; Santa Cruz Biotechnology), anti-IRS-1 rabbit polyclonal
antibody (catalog no. 06-248; Millipore), anti-LC3 rabbit polyclonal antibody (catalog no. 12741P; Cell
Signaling Technology), and anti-p62 mouse monoclonal antibody (catalog no. sc-28359; Santa Cruz
Biotechnology). We used anti-Grb-2 mouse monoclonal antibody (BD Bioscience, San Jose, CA), anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mouse monoclonal antibody (catalog no. sc-
47724; Santa Cruz Biotechnology), and histone H3 (catalog no. 4499T; Cell Signaling Technology) as
loading and subcellular fraction markers, respectively.

Subcellular fractionation. The cells were placed on ice, scraped, suspended in PBS, and centrifuged.
The resulting cellular pellet was suspended in TNMT (100 mM Tris-HCl [pH 7.5], 1,000 mM NaCl, 5 mM
MgCl2, 0.5% Triton X-100) supplemented with protease inhibitors. The cell suspension was passed five
times through a 23-gauge needle and centrifuged for 5 min at 193 � g at 4°C. The collected supernatant
represented the cytoplasmic fraction. The remaining pellet of cell nuclei was suspended in TNMT with
protease inhibitors and sonicated six times for 3 s at 50% power. The homogenate was subsequently
centrifuged for 10 min at 14,000 rpm at 4°C, and the resulting supernatant was considered the soluble
nuclear fraction. The remaining pellet was suspended in TNMT with protease inhibitors and sonicated 10
times for 3 s at 50% power, and the resulting homogenate was considered the insoluble nuclear fraction.
Immunoprecipitations were carried out with anti-IRS-1 rabbit polyclonal antibody (catalog no. 06-248;
Millipore), anti-HA rabbit polyclonal antibody (catalog no. sc-805; Santa Cruz Biotechnology), and
anti-LC3 rabbit polyclonal antibody (catalog no. L7543; Sigma), and the corresponding blots were
developed with anti-LC3 rabbit polyclonal antibody (catalog no. PD014; MBL) and anti-GFP mouse
monoclonal antibody (catalog no. sc-9996; Santa Cruz Biotechnology).

Autophagy. Detection and quantification of autophagy were performed with exponentially growing
(DMEM plus 10% FBS) HeLa cells stably expressing the NLS–IRS-1–GFP/MitoRed transgene (clone 006).
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The cells were plated onto glass-bottom 35-mm dishes (MatTek Corporation) at 2 � 104 cells per dish.
Following attachment, the cells were infected with the BacMam 2.0 autophagy reporter at a multiplicity
of infection (MOI) of 30. To induce autophagy, infected cells were treated with 100 nM rapamycin or
amino acid starvation medium (1% BSA, 140 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, 5 mM glucose, and 20
mM HEPES [pH 7.4]) for 1.5 to 5 h. The formation of autophagosomes was monitored by using live-cell
time-lapse imaging with an Olympus FV1000 confocal laser scanning microscope equipped with a
live-cell stage-top incubation system (Pathology Devices, Inc., MD). The percentage of cells positive for
autophagosomes was determined in cells that were either positive or negative for the IRS-1/LC3 nuclear
structures within the same culture. The cell was counted as autophagy positive if it had at least five green
fluorescent vesicles in the cytoplasm, and the cell was determined to be IRS-1/LC3 positive when at least one
IRS-1 nuclear structure was detected within the entire volume of the nucleus (Fig. 9 and 10).

Proximity ligation assay. We employed a proximity ligation assay (PLA) (DuoLink; Sigma) to analyze
IRS-1/LC3 protein-protein interactions, according to the manufacturer’s recommendations. Briefly, IRS-1
and LC3 proteins were probed with mouse monoclonal (catalog no. sc-8038; Santa Cruz) (1:200) and
rabbit polyclonal (catalog no. PD014; MBL) (1:200) antibodies, respectively. The primary antibodies were
probed with a pair of DuoLink in situ PLA secondary antibodies, anti-mouse (minus) and anti-rabbit (plus).
After ligation and amplification, the PCR products were detected with FarRed DuoLink in situ detection
reagent. Images from stained cells were acquired with a FluoView FV1000 confocal laser scanning
microscope (Olympus) (Fig. 8).

Statistical analysis. The data were analyzed with homoscedastic Student’s t test. Differences
between the control and experimental groups were considered significant at P values of �0.05 (marked
with asterisks in the figures).
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