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The mTORC1 pathway regulates cell growth and proliferation by
properly coupling critical processes such as gene expression, protein
translation, and metabolism to the availability of growth factors and
hormones, nutrients, cellular energetics, oxygen status, and cell
stress. Although multiple cytoplasmic substrates of mTORC1 have
been identified, how mTORC1 signals within the nucleus remains
incompletely understood. Here, we report a mechanism by which
mTORC1 modulates the phosphorylation of multiple nuclear events.
We observed a significant nuclear enrichment of GSK3 when mTORC1
was suppressed, which promotes phosphorylation of several proteins
such as GTF2F1 and FOXK1. Importantly, nuclear localization of GSK3
is sufficient to suppress cell proliferation. Additionally, expression of
a nuclear exporter of GSK3, FRAT, restricts the nuclear localization
of GSK3, represses nuclear protein phosphorylation, and prevents
rapamycin-induced cytostasis. Finally, we observe a correlation be-
tween rapamycin resistance and FRAT expression in multiple-cancer
cell lines. Resistance to Food and Drug Administration (FDA)-
approved rapamycin analogs (rapalogs) is observed in many tumor
settings, but the underling mechanisms remain incompletely under-
stood. Given that FRAT expression levels are frequently elevated in
various cancers, our observations provide a potential biomarker and
strategy for overcoming rapamycin resistance.
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he protein kinase complex mechanistic target of rapamycin
complex 1 (mTORC]1) is a central regulator of mammalian
cell growth and proliferation that is dysregulated in various
cancer types, including colorectal, breast, lung, renal cell carci-
noma, glioblastoma, and prostate cancers (1). Several rapalogs
(rapamycin and its derivatives) have been developed and Food
and Drug Administration (FDA)-approved for cancer treatment
(2). However, the impact of rapalogs in the clinic has been limited,
as resistance to rapalogs is frequently observed upon long-term
treatment. In order to improve anticancer efficacy of rapalogs,
there is a need to improve our understanding of these resistance
mechanisms. As a central signaling cascade, once activated, mMTORC1
promotes multiple anabolic processes by phosphorylating a num-
ber of downstream substrates, including S6K1, 4EBPs, Grb10,
Lipinl, and others (1). Changes in mTORCI1 signaling are also
understood to influence several biological processes that are
spatially restricted to the nucleus, including gene transcription,
messenger RNA (mRNA) splicing, and chromosome remodel-
ing. However, despite the significant advances made in un-
derstanding the mTORCI1 pathway in the past 2 decades, how
mTORCI signaling controls nuclear events is still not fully de-
fined, and whether nuclear signaling contributes to rapamycin
resistance observed during chronic treatment is unknown.
GSK3 is known to phosphorylate a large number of substrates
important in regulating cell growth and metabolism (3). Inap-
propriate regulation of GSK3 is linked to several disorders, in-
cluding cancer (3, 4). In contrast to mTORC1, GSK3a/p have
relatively high activity in resting cells, which is suppressed upon
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stimulation by multiple growth factors (3). This suppression is
predominantly achieved via phosphorylation at Ser21 or Ser9,
respectively, on GSK3o/p by multiple kinases (5). For example,
inhibitory phosphorylation of GSK3 was shown to be regulated by
mTORC1/S6K1 and contribute to mMTORCI1-mediated suppression
of GSK3 activity (6). Interestingly, high levels of inhibitory GSK3
phosphorylation or GSK3 inhibitors were reported to confer
rapamycin resistance in certain cell types (7, 8). GSK3 also phos-
phorylates and inhibits multiple nuclear proteins upon pharmaco-
logical mTORC1 suppression, such as TIP60, c-Myc, and FOXK1
(6, 9, 10). Therefore, one prediction is that, upon rapamycin
treatment, GSK3 inhibitory phosphorylation is lost, resulting in
inhibition of proliferation. However, it has been reported that
GSK3 phosphorylation was not significantly suppressed by
rapamycin treatment in multiple cell lines (8). Additionally, we have
observed that GSK3-dependent regulation of FOXK1 phosphory-
lation occurred under conditions where GSK3 phosphorylation
was not significantly affected upon mTORCI suppression, suggesting
a possible phosphorylation-independent mechanism for regu-
lation of GSK3 by mTORCI signaling (9). Thus, the relationship
between mTORCI1, GSK3, and rapamycin resistance remains
unclear.

Here we report that the nuclear—cytoplasmic localization of
GSK3 is regulated by mTORCI signaling, which subsequently
contributes to multiple nuclear protein phosphorylation events.
The mTORCI1 suppression leads to accumulation of GSK3 in the
nucleus, thereby promoting the phosphorylation of GSK3 targets
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mTORC1-driven cancers.
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such as FOXK1 and GTF2F1. Critically, we found the GSK3
interacting proteins, frequently rearranged in advanced T lymphomas
1 and 2 (FRAT1 and 2), which promote GSK3 nuclear export, pre-
vent rapamycin-induced nuclear accumulation of GSK3 and phos-
phorylation of its targets. Given these observations, we asked whether
mTORCI1-GSK3 nuclear signaling was a major contributor to cell
proliferation and whether failure to promote GSK3 nuclear signaling
might contribute to rapamycin resistance. In support of this possibility,
we observed that ectopic expression of GSK3 that is forced to locate
in the nucleus (NLS-GSK3) promotes phosphorylation of proteins
such as FOXK1 and GTF2F1, and, importantly, suppresses cancer
cell proliferation. We also observed that overexpression FRAT1/2 in
rapamycin-sensitive cancer cells promotes resistance to the cytostatic
effects of rapamycin, consistent with the acquisition of drug resistance.
Consistently, cells with high FRAT1/2 expression are relatively in-
sensitive to rapamycin treatment, and down-regulation of FRAT1/2
with RNA interference (RNAI) resensitizes cells to rapamycin. Our
observations in xenograft models further support the conclusion that
elevated expression of FRAT1/2, and suppression of GSK3 nuclear
flux, are potential mechanisms by which cancer cells acquire rapa-
mycin resistance. Collectively, our findings demonstrate that moni-
toring FRAT1/2 expression levels and/or GSK3 localization may be
important biomarkers for rapamycin sensitivity, and that targeting
FRAT]1/2 expression or its ability to interact with GSK3 may repre-
sent therapeutic approaches to overcoming rapamycin resistance.
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Fig. 1. Cytoplasmic/nuclear translocation of GSK3 mediates nuclear protein
phosphorylation upon mTORC1 suppression. (A-C) HCC 4006 cells were ex-
posed to 20 nM rapamycin for the indicated times, and (A) whole-cell lysate
was extracted and subjected to Western blot (WB) analysis with the in-
dicated antibodies. (B) Immunostaining (IF) was performed with GSK3 anti-
body and observed with a fluorescence microscope at 600x magnification.
The white boxes represent single cells selected for further visualization
(Right). (C) Nuclear translocation was quantified and assessed as the ratios
between nuclear and total fluorescence in at least 10 cells, and values are
expressed as mean + SEM. One-way ANOVA with Dunnett’s posttest, **P <
0.001, n = 3. (D and E) Cell lines were established with pTRIPZ-RFP, pTRIPZ-
HA-GSK3-(WT), pTRIPZ-HA-NLS-GSK3f, pTRIPZ-HA-NLS-GSK3B-(S9A), or
pTRIPZ-HA-NLS-GSK3p-(KD) in HCC4006 cells. (D) Cells were exposed to 1 pM
Doxycycline for 24 h and further exposed to 20 nM rapamycin for 4 h where
indicated. Immunostaining (IF) was performed with HA antibody and ob-
served with a fluorescence microscope at 600x magnification. The white
boxes represent single cells selected for further visualization (Right). (E) Cells
were exposed to 1 pM Doxycyclin for 24 h where indicated, and whole-cell
lysate was subjected to WB analysis with the indicated antibodies. Data are
representative of at least 3 independent experiments.
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Results

Nuclear Enrichment of GSK3 Promotes Protein Phosphorylation upon
mTORC1 Suppression. The mTORC1 and downstream effectors
such as ULK1/2, S6 protein kinases (S6K1/2), and SRPK2 reg-
ulate the phosphorylation of a variety of proteins that affect
multiple cellular events associated with metabolism, mRNA
processing and translation, survival signaling, autophagy, and cell
growth (1, 11). An important observation made upon analysis of
the mTORCI phosphoproteome revealed that, in addition to the
promotion of phosphorylation via mTORCI signaling, the
phosphorylation of ~100 proteins appeared to be suppressed by
mTORCI (12). To investigate this unexpected role of mMTORC1
in suppressing protein phosphorylation, we characterized phos-
phorylation of a transcription factor FOXKI1, and demonstrated
that mTORC1 suppresses FOXK1 phosphorylation in a GSK3-
dependent manner (9). Furthermore, many of the phosphopro-
teins identified in this analysis are also nuclear resident proteins
with potential, conserved GSK3 sites (S Appendix, Table S1). To
determine whether there are additional proteins whose phos-
phorylation is suppressed by mTORCI, we utilized available
reagents to monitor the phosphorylation of another nuclear
protein upon mTORCI inhibition, the general transcription
factor GTF2F1. Upon mTORCI1 inhibition, GTF2F1 displayed
decreased migration on sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS/PAGE) analysis as observed with
FOXK]1, indicating that GTF2F1 phosphorylation is suppressed
by mTORCI signaling (Fig. 14). The appearance of slower-
migrating forms of GTF2F1 following mTORCI inhibition was
prevented by the small-molecule GSK3 inhibitor, CHIR99021, as
well as by phosphatase treatment, demonstrating that the mo-
bility shifts were indeed due to phosphorylation (SI Appendix,
Fig. S1 A and B). Furthermore, suppression and reactivation of
mTORCI by serum starvation and restimulation promoted the
phosphorylation and dephosphorylation, respectively, of GTF2F1
(SI Appendix, Fig. S1C). Thus, GTF2F1 is another target under the
control of mTORCI-dependent suppression of GSK3-regulated
nuclear protein phosphorylation.

Importantly, we did not observe significant changes in GSK3
phosphorylation, an established mechanism for GSK3 regula-
tion, for up to 8 h of rapamycin treatment (Fig. 14). Therefore,
we next investigated additional potential mechanisms for regu-
lation of GSK3 by mTORCI1. FOXK1 and GTF2F1 are both
nuclear resident proteins; thus we assessed the cytoplasmic/
nuclear distribution of GSK3 in rapamycin-treated or nontreated
cells, using an antibody we validated in wild-type (WT) and
GSK3o/p-deficient mouse embryonic fibroblasts (MEFs) (SI
Appendix, Fig. S1D). In a nonsmall cell lung cancer (NSCLC) cell
line, HCC4006 cells, we found that GSK3 was predominantly
distributed in the cytoplasm of growing cells, and a significant
nuclear accumulation of GSK3 was observed upon rapamycin
treatment that was sustained for at least 8 h (Fig. 1 B and C).
Similarly, suppression of mTORCI by serum starvation induced
a significant nuclear enrichment of GSK3 which was rapidly re-
versed by serum restimulation for 30 min (SI Appendix, Fig. S1 E
and F). The regulation of GSK3 nuclear localization mirrored
FOXKI1 and GTF2F1 phosphorylation under these conditions
(81 Appendix, Fig. S1C). To further investigate and validate these
findings, we established inducible systems to regulate the ex-
pression of WT-GSK3, NLS (nuclear localization signal)-tagged
GSK3p, NLS-tagged GSK3p-S9A (nonphosphorylated Ser9 and
active), and NLS-tagged GSK3p-KD (kinase-dead) in HCC4006
cells. Consistently, WT-GSK3p was predominantly localized in
the cytoplasm under full serum growth conditions and became
enriched in the nucleus following rapamycin treatment. How-
ever, NLS-GSK3p, NLS-GSK3p-S9A, and NLS-GSK3p-KD
remained in the nucleus in the presence or absence of rapamycin
(Fig. 1D and SI Appendix, Fig. S1G). Using these cell systems, we
observed significant phosphorylation of FOXK1 and GTF2F1 in
response to NLS-GSK3p or NLS-GSK3B-S9A expression in
contrast to WT-GSK3p and NLS-GSK3p-KD (Fig. 1E). Further
supporting this observation, FOXK1 and GTF2F1 phosphorylation
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Fig. 2. Constitutive expression of nuclear GSK3p suppresses cell proliferation. Cell lines were established as in Fig. 1D. (A) Clonogenic assay was performed
with or without 1 pM Doxycycline, in the presence or absence of GSK3 inhibitor 0.5 pM CHIR in the media and (B) cell proliferation was estimated by
quantification of clonogenic cell growth as described in Experimental Procedures. Values are expressed as mean + SEM. Student t test, *P < 0.01, **P < 0.001,
n = 3. NS, not statistically significant. (C-E) Indicated cells (2 x 10°) were injected into mice through s.c. injection as described in Experimental Procedures. Doxy-
cycline (625 mg/kg) was included in the food where indicated, 5 mice were used in each group, and tumor growth was monitored. Values are expressed as mean +

SD. Student t test, **P < 0.01.

by NLS-GSK3p was significantly suppressed by GSK3 inhibitor
CHIR99021 (SI Appendix, Fig. S1H). These data are consistent
with a role for nuclear translocation of GSK3p in promoting
nuclear protein phosphorylation upon mTORCI suppression.

Constitutive Expression of Nuclear GSK3p Suppresses Cell Proliferation.
GSK3 has been reported to control cell proliferation in various
cancer cell experimental settings (13, 14). Since enrichment of
GSK3 in the nucleus has the potential to regulate the phosphory-
lation of multiple proteins involved in chromatin remodeling,
transcription, RNA processing, and other nuclear processes, we
next asked whether the cytoplasmic/nuclear translocation of GSK3
contributes to the regulation of cell proliferation. Strikingly, with
the inducible system described above, we observed a significant
suppression of cell proliferation by expressing NLS-GSK3p or NLS-
GSK3B-(S9A), which was significantly prevented by CHIR99021
treatment, whereas WT-GSK3p or NLS-GSK3p-(KD) had little
effect (Fig. 2 A and B). These results are consistent with the ob-
servation that nuclear GSK3 signals to regulate FOXK1 and GTF2F1
phosphorylation (Fig. 1E), and our previous observation that phos-
phorylated FOXKI1 is suppressed in its ability to stimulate several
growth-associated metabolic processes (9). Critically, this is further
supported by mouse xenograft experiments with RFP, WT-GSK3g,
and NLS-GSK3p cells (Fig. 2 C-E and SI Appendix, Fig. S2), where
we observed a significant suppression of tumor growth using
HCC4006 cells expressing NLS-GSK3p compared to RFP or WT-
GSK3p. This is consistent with the fact that GSK3 promotes
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phosphorylation and inactivates many nuclear proteins that promote
cell proliferation, which include Myc, JunB, and FOXK1 (3, 9).

Restriction of Nuclear GSK3 and Protein Phosphorylation by FRAT. To
investigate potential mechanisms for regulating GSK3 cell dis-
tribution, we first investigated the possible involvement of
FRAT1/2. FRAT1/2 are known GSK3-interacting proteins that
function as exporters of GSK3 from the nucleus (15). Critically,
we observed that nuclear enrichment of GSK3 when mTORC1
was inhibited was efficiently prevented by transient expression of
FRAT1 (Fig. 3 A and B). Additionally, the exportin 1 inhibitor
leptomycin B significantly increased nuclear GSK3 either in the
absence or presence of FRAT1 overexpression, consistent with
the dynamics of the FRAT1-GSK3 interaction and the role of
FRAT as a GSK3 nuclear exporter (Fig. 3 4 and B). Similar
results were observed with FRAT2 overexpression in HCC4006
cells (SI Appendix, Fig. S3). Strikingly, rapamycin- or torinl-
induced, GSK3-mediated, FOXK1 and GTF2F1 phosphoryla-
tion were efficiently prevented by FRAT1 overexpression,
mirroring the cytoplasmic enrichment of GSK3. Further supporting
the idea that nuclear GSK3 regulates protein phosphorylation,
leptomycin B, which traps GSK3 in the nucleus, promoted the
phosphorylation of FOXK1 and GTF2F1 in the absence or
presence of FRAT1 overexpression without affecting mTORC1
activity (Fig. 3C). This is consistent with a role for nuclear
translocation of GSK3p in promoting nuclear protein phos-
phorylation upon mTORC1 suppression.
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Fig. 3. Restriction of nuclear GSK3 and protein phosphorylation by FRAT.
Cell lines were established with ectopic expression of FRAT1 and exposed to
indicated inhibitors (rapamycin 20 nM, Torin1 200 nM, leptomycin B 100 nM)
for 4 h. (A) Cells were subsequently subjected to immunostaining with in-
dicated antibodies and observed with a fluorescence microscope at 600x
magnification. The white boxes represent single cells selected for further
visualization (Right). (B) Nuclear translocation was quantified and assessed
as the ratios between nuclear and total fluorescence in at least 10 cells, and
values are expressed as mean + SEM. One-way ANOVA with Dunnett’s
posttest, **P < 0.001, n = 3. (C) Whole-cell lysate was extracted and sub-
sequently subjected for WB analysis with the indicated antibodies. Data are
representative of at least 3 independent experiments.

Acquisition of Rapamycin Resistance by FRAT. We have observed a
nuclear enrichment of GSK3 upon mTORCI suppression (Fig. 1)
and shown that nuclear GSK3 significantly suppresses cell pro-
liferation (Fig. 2). Thus, we next asked whether nuclear flux of
GSK3 mediates rapamycin-induced cytostasis. Using HCC4006
cells stably expressing empty vector (HCC4006-EV) or FRAT1
(HCC4006-FRAT1), we found that the inhibition concentration
50% (ICsp) for rapamycin was about 4.5 nM in the control cells but
increased to over 100 nM upon FRAT1 overexpression (Fig. 4 4
and B). Similar results were observed with FRAT?2 expression in an
additional NSCLC cell line A549 (SI Appendix, Fig. S4). This ob-
servation was further supported by in vivo xenograft analysis with
the HCC4006 cells. Rapamycin significantly suppressed tumor
growth of HCC4006-EV cells, while having relatively little effect on
HCC4006-FRAT1 tumors (Fig. 4 C and D). These results implicate
a potential role of FRAT expression in acquisition of rapamycin
resistance in cancer cells by preventing nuclear accumulation of
GSK3, which is required for growth inhibition.

Negative Correlation of FRAT Expression Levels and Rapamycin
Sensitivity. To determine whether there is a general correlation
between FRAT expression and rapamycin responsiveness, we
assessed multiple non-small cell lung and breast cancer cell lines.
We found that 3 out of 11 cancer cells tested (NCI-H2009, NCI-
H1975, and NCI-H441) have relatively high expression of
FRATI, FRAT2, or both (Fig. 5 A-C). Importantly, these cell
lines are relatively insensitive to rapamycin treatment, with ICsg
higher than 100 nM (Fig. 5 D and E), which is consistent with
our previous observations with ectopic expression of FRAT1/2
(Fig. 4 A and B). In contrast, most cells with low FRAT1/2 ex-
pression are relatively sensitive (ICsg less than 100 nM) to rapamycin,
including MDA-MB231, MDA-MB468, T47D, H1299, HCC4006,
A549, and MCF7 cells (Fig. 5 D and E). H2110 cells, which express
low levels of FRAT1/2, represented one exception which remained
relatively insensitive to rapamycin treatment. Additional mech-
anisms for rapamycin resistance have been described which may
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explain the insensitivity of this cell line. However, rapamycin
sensitivity of most of the cancer cell lines tested shows good
correlations with FRAT1/2 expression. Further supporting the
critical role of GSK3 nuclear accumulation in rapamycin-
induced cytostasis, we also observed that either pharmacologic
inhibition of GSK3 or suppression of GSK3 expression diminished
rapamycin-induced cytostasis in multiple cell lines expressing low
FRAT1/2, including HCC4006, A549, H1299, MDA-MB231, and
T47D cells (SI Appendix, Fig. S5 A-E).

Suppression of FRAT1/2 Potentiates Rapamycin-Induced Cytostasis.
To further confirm the critical role of FRAT1/2 expression and
nuclear flux of GSK3 upon mTORCI1 suppression in determining
rapamycin sensitivity, we used NCI-H441 cells which have high
FRAT1/2 expression and are rapamycin-insensitive. Strikingly,
nuclear GSK3 accumulation in NCI-H441 cells was relatively
modest in response to mTORCI inhibition. Consistently, in-
sufficient phosphorylation of FOXK1 and GTF2F1 was observed
upon rapamycin treatment. However, when both FRAT1 and
FRAT?2 expression was suppressed, rapamycin-induced nuclear
GSK3 localization and FOXK1 and GTF2F1 phosphorylation was
significantly increased in NCI-H441 cells (Fig. 6 A-C and SI Ap-
pendix, Fig. S64). Importantly, suppressing FRAT1/2 expression
resulted in a gain of rapamycin sensitivity where the I1Cs, was
decreased to ~16 nM (SI Appendix, Fig. S6 B and C). Similar
results were observed in another rapamycin-insensitive cell line,
H1975 (SI Appendix, Fig. S6). Consistently, this result was further
supported by in vivo xenograft analysis. Rapamycin suppressed
tumor growth more significantly when FRAT1/2 was suppressed
in NCI-H441 cells (Fig. 6 D and E). These results clearly support a
critical role for FRAT expression in determining rapamycin sen-
sitivity in cells in vitro and in mouse tumor models.

Discussion

The mTORC1 protein kinase complex integrates mitogenic,
nutrient, amino acid, stress, and oxygen status to dictate the
strength and duration of downstream signaling to regulate a
variety of cellular processes alone or in coordination with other
signaling systems. Here we reveal a previously unknown mech-
anism of GSK3 regulation by mTORCI1 which links this critical
pathway to multiple nuclear events. Although many cytoplasmic
mTORCI targets have been identified and characterized, less is
known regarding how mTORCI directly or indirectly regulates
the phosphorylation and regulation of nuclear targets associated
with gene transcription, chromosome remodeling, mRNA splicing,
ribosomal DNA synthesis and other critical nuclear processes in-
volved in the regulation of cell growth, metabolism, survival, and
proliferation (1). Our results indicate that the molecular basis for
this link is at least in part centered around the nuclear accumu-
lation of GSK3 upon suppression of mTORCI signaling (SI Ap-
pendix, Fig. S8). In some conditions, mMTORC1/S6K1 suppress
GSK3o/f signaling through inhibitory phosphorylation at Ser21/9
(3, 6). It is noteworthy that mTORCI1-regulated FOXK1 phos-
phorylation and GSK3 localization occurred in S6K1/2-deficient
MEFs (SI Appendix, Fig. S7 A-D) and independent of GSK3
phosphorylation in our cell systems (Fig. 14 and SI Appendix, Fig.
S7 E and F). Nuclear accumulation of WT-GSK3, NLS-GSK3p,
or NLS-GSK3p-S9A is associated with significantly promoting
FOXK1 and GTF2F1 phosphorylation, in contrast to cytoplasmic
localized WT-GSK3p or nuclear-localized GSK3 (NLS-GSK3p-
KD) (Fig. 1E). Further supporting the critical role of nuclear
GSK3 in promoting nuclear protein phosphorylation, NLS-GSK3-
induced FOXK1 and GTF2F1 phosphorylation was significantly
suppressed by the GSK3 inhibitor, CHIR99021 (SI Appendix, Fig.
S1H). FOXK1 is a major regulator of metabolic reprogramming
downstream of mTORCI (9). The general initiation factor for
transcription by RNA polymerase II, GTF2F1, is also required
for transcriptional activation by serum response factor (16);
however, the role of phosphorylation in regulating its activity is
not known. Meanwhile, from analysis of the mTORC1 phos-
phoproteome datasets, several additional potential GSK3 targets
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have been revealed, which remain to be characterized (SI Ap-
pendix, Table S1) (12). These results implicate an extensive
regulation by mTORC1/GSK3 in regulating diverse protein
phosphorylation events in the nucleus which potentially links
mTORCI to multiple critical nuclear processes.

Our observations support the hypothesis that nuclear locali-
zation of GSK3 promotes rapamycin-induced cytostasis. Expression
of NLS-GSK3 significantly suppresses cancer cell progression both
in cells and in xenograft models (Fig. 2). This is consistent with
the observations that many nuclear proteins that promote cell
proliferation, such as c-Myc, JunB, Cyclin D, FOXK1, and others,
are phosphorylated by GSK3 and down-regulated by several
distinct mechanisms (3, 9). Thus, diminishing nuclear GSK3
signaling upon mTORCI inhibition may be suppressing rapa-
mycin responsiveness, and, indeed, our data support this model
in multiple-cancer cell lines (SI Appendix, Fig. S5). One mech-
anism that accounts for the regulation of GSK3 cellular distri-
bution and rapamycin resistance is linked to expression levels of
FRAT1/2, known nuclear exporters of GSK3 (Fig. 34) (15). In
cells expressing high levels of FRAT, sufficient accumulation of
nuclear GSK3 is suppressed following rapamycin treatment,
preventing GSK3 from acting as a negative regulator of its nu-
clear targets. Ectopically expressed FRAT1/2 confer rapamycin
resistance in multiple cell lines (Fig. 4 and SI Appendix, Fig. S4),
and multiple NSCLC cells with high endogenous FRAT1/2 are
relatively resistant to rapamycin treatment (Fig. 5). Furthermore,
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suppressing FRAT1/2 levels with RNAI potentiates rapamycin-
induced cytostasis in most cancer cells with high endogenous
FRAT1/2 which are rapamycin-insensitive (Fig. 6 D and E and SI
Appendix, Fig. S6). Further supporting this conclusion, upon
FRAT knockdown, a small elevation of nuclear GSK3 was ob-
served, and this was potentiated upon mTORCI suppression
(Fig. 6 4 and B), which is consistent with the increased sensitivity
to rapamycin-induced inhibition of cell proliferation in FRAT
knockdown of H441 and H1975 cells (SI Appendix, Fig. S6 B and
(). The lack of a more dramatic accumulation of GSK3 in the
nucleus may be due to incomplete knockdown of FRAT1/2, or
alternative FRAT-independent mechanisms that mediate GSK3
translocation upon mTORCI inhibition which may also con-
tribute to this regulatory process. These findings provide evi-
dence for a mechanism by which high FRAT1/2 expression
promotes rapamycin resistance in multiple-cancer cell lines (Fig.
5). Given the frequently observed, high expression of FRAT1/2
in multiple cancers (17-20), additional studies are needed to
determine how expression of these GSK3 interactors is regulated.
Our findings also indicate that high FRAT1/2 expression in patients
can potentially be used as a biomarker for rapamycin sensitivity.
Thus, targeting FRAT1/2 expression may be a valuable strategy for
sensitizing cancers to rapamycin therapies.

High mTORC1 pathway activation has been observed in multi-
ple cancers. However, the effectiveness of FDA-approved rapalogs
(rapamycin derivatives) is limited, as clinically acquired resistance
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has been observed upon prolonged exposure and the mechanisms
remain unclear (21). Therefore, understanding and overcoming
rapamycin resistance in cancer patients is a major objective in cancer
therapy. Our observations provide insights toward understanding the
role of mMTORCI1/GSK3 in regulating multiple nuclear events and
uncover a mechanism by which FRAT expression confers rapamycin
resistance by excluding GSK3 from the nucleus. Thus, targeting
FRAT expression may be a valuable strategy in overcoming
rapamycin resistance.

Experimental Procedures

Cell Lines and Reagents. WT and Gsk3a~'~ MEFs were provided by Jim Woodgett
(University of Toronto, Toronto, ON, Canada). NSCLC cells, breast cancer cells,
and other cell lines used in the present study were obtained from ATCC unless
otherwise noticed. Cells were cultured in Dulbecco’s Modified Eagle’s medium
or Roswell Park Memorial Institute (RPMI) 1640 containing 10% fetal bovine
serum. Anti-FOXK1 and anti-GAPDH antibodies were purchased from Abcam.
Anti-HA antibody was purchased from Santa Cruz Biotechnology. Leptomycin B,
Anti-FLAG-M2 antibody, anti-GTF2F1, and anti-Vinculin antibody were pur-
chased from Sigma. Anti-phospho-S6, anti-S6, anti-phospho-ERK, anti-ERK, anti-
phospho Gsk3o/p, anti-Gsk3o/f and anti-phospho Akt, and anti-Akt and anti-
S6K1/2 antibodies were purchased from Cell Signaling Technology. CHIR99021
was from Selleck Chem.

19528 | www.pnas.org/cgi/doi/10.1073/pnas.1902397116

RNA Extraction and RT-qPCR Analysis. Total RNA was isolated using RNeasy
mini kit (QIAGEN) and used for complementary DNA synthesis with superscript
Il first-strand synthesis supermix kit (Life Technologies) according to the man-
ufacturers’ instructions. qPCR was performed using QuantiTect SYBR green
gPCR kit on Roche LightCycler 480. Primers were purchased from IDT, and
melting curve analysis was performed at the end of PCR.

Immunoblot Analysis. Whole-cell lysate was extracted with 1x SDS sample
buffer (50 mM Tris-HCl pH 6.8, 10% glycerol, 2% SDS, 10% 2-mercaptoethanol,
0.1% bromophenol blue). Samples were boiled and electrophoresed by SDS/
PAGE. Proteins were then transferred to nitrocellulose membranes. The mem-
branes were blocked for 1 h prior to probe with primary antibodies overnight.
Membranes were subsequently incubated with secondary antibodies for 1 h
and developed with LI-COR odyssey. All immunoblots in this study are repre-
sentative of at least 3 independent experiments.

Clonogenic Assay. Either 1,000 or 2,000 cells were seeded in 12- or 6-well/
plates and incubated for 1 to ~2 wk. After colonies were clearly observed, they
were fixed with 4% formaldehyde, stained with crystal violet (0.5% wt/vol).
After rinsing 4 times with phosphate-buffered saline (PBS) buffer, the images of
the wells were scanned. For quantification, methanol was added to each well
plate, and optical density was measured at 570 nm as described (22).

He et al.


https://www.pnas.org/cgi/doi/10.1073/pnas.1902397116

A B C

H441-ShFRAT1+2
Vehice g @ @ @

D H441-shG E

vehicle gy @) & =

GSK3 FRAT1  DAPI =DMSO 1 Rapa N
100 5 o & Rapaimghkg | (s @@ & & Rapa 1mo/kg | » et
— B
P
g Rapa: - + - hGVehide s ShERAT1+2-Vehicle
§ FOXK1| @ & =& g 90.0 —8— shG-Rapa 1mglkg E 45.0 | _, _shFRAT1+2-Rapa1mg/kg
5 GTF2F1 2 3
N E pR44240)SE | M . - ‘>°-—~ ‘>°_
Y 5 (] So
r 8 E2 E2
£ 3 s6 £ =
z z 2 °
& FRAT1| = = - 2
o ] ®
o a Vinculin == e == = Q ©
E H441 ® «
o
B
)

Fig. 6. Suppression of FRAT1/2 potentiates rapamycin-induced cytostasis. Cell lines were established with knockdown of FRAT1/2 in H441 cells. (A) Cells were ex-
posed to 20 nM rapamycin for 4 h where indicated and subsequently subjected to immunostaining with the indicated antibodies and observed with a fluorescence
microscope at 600x magnification. The white boxes represent single cells selected for further visualization (Right). (B) GSK3 nuclear translocation was quantified and
assessed as the ratios between nuclear and total fluorescence in at least 10 cells, and values are expressed as mean + SEM. One-way ANOVA with Dunnett’s posttest,
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t test, **P < 0.01.

Immunofluorescence Staining. Cells were plated on cover glass, and, the next
day, cells were fixed with 4% paraformaldehyde for 10 min at room temper-
ature. The cells were rinsed with PBS 4 times and incubated with a blocking
solution containing 5% bovine serum albumin in PBS for 15 min. The cells were
then incubated with indicated antibodies in blocking solution for 3.5 h followed
by washing 4 times with PBS. Secondary antibodies conjugated to a fluoro-
chrome (Alexa Fluor; Thermo Fisher Scientific) in blocking buffer were then
added to cover glasses and incubated for another 1.5 h at room temperature.
Cells were rinsed with PBS 4 times and incubated with Hoechst 33258 solu-
tion (DNA staining) for 15 min. After washing with PBS 4 times, cells were
mounted with mounting buffer, and images were observed by fluorescence
microscopy.

Animal Studies. For our mouse xenograft studies, we followed Institutional
Animal Care and Use Committee (IACUC; Weill Cornell Medical College)-
approved protocols and guidelines (IRB protocol no. 2014-0060). Indicated
amount of cells (1 x 10° cells) were injected subcutaneously (s.c.) into 5- to
6-wk-old female nude mice (Envigo or Taconic). After s.c. tumors formed, mice
were randomly divided into 2 to ~3 groups for intraperitoneal injection 3 d/wk
with vehicle or rapamycin (1 mg/kg or 5 mg/kg body weight) or fed food
containing Doxycyclin and grown for additional 3 to ~4 wk. Rapamycin was
dissolved with PEG400:water (50%:50%).
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