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Tuberous sclerosis complex (TSC) and lymphangioleiomyomatosis
(LAM) are caused by aberrant mechanistic Target of Rapamycin
Complex 1 (mTORC1) activation due to loss of either TSC7 or TSC2.
Cytokine profiling of TSC2-deficient LAM patient-derived cells
revealed striking up-regulation of Interleukin-6 (IL-6). LAM patient
plasma contained increased circulating IL-6 compared with healthy
controls, and TSC2-deficient cells showed up-regulation of IL-6
transcription and secretion compared to wild-type cells. IL-6 block-
ade repressed the proliferation and migration of TSC2-deficient
cells and reduced oxygen consumption and extracellular acidifica-
tion. U-"3C glucose tracing revealed that IL-6 knockout reduced
3-phosphoserine and serine production in TSC2-deficient cells, im-
plicating IL-6 in de novo serine metabolism. IL-6 knockout reduced
expression of phosphoserine aminotransferase 1 (PSAT1), an es-
sential enzyme in serine biosynthesis. Importantly, recombinant IL-
6 treatment rescued PSAT1 expression in the TSC2-deficient, IL-6
knockout clones selectively and had no effect on wild-type cells.
Treatment with anti-IL-6 (xIL-6) antibody similarly reduced cell pro-
liferation and migration and reduced renal tumors in Tsc2*~ mice
while reducing PSAT1 expression. These data reveal a mechanism
through which IL-6 regulates serine biosynthesis, with potential rel-
evance to the therapy of tumors with mTORC1 hyperactivity.
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Tuberous sclerosis complex (TSC) is an autosomal dominant
tumor suppressor syndrome that affects one in 10,000 infants
(1-4). The majority of patients suffer from neurodevelopmental
conditions including epilepsy, autism, and cognitive impairment.
Neoplastic lesions in the brain, skin, heart, kidneys, and lungs are
the primary causes of patient morbidity and mortality, particu-
larly later in life (5, 6). Renal angiomyolipomas affect ~70% of
patients by 10 y of age (7). Lymphangioleiomyomatosis (LAM),
characterized by pulmonary nodules and irreversible progressive
cystic lung destruction, almost exclusively affects females with
TSC and can also affect women with sporadic LAM (4, 8).
TSC is caused by inactivating mutations in 7SCI or T7SC2,
resulting in aberrant activation of mechanistic Target of Rapamy-
cin Complex 1 (mTORC1), a master regulator of cellular metab-
olism (9). Constitutive mTORCI activation leads to extensive
changes in signaling pathways and promotes lipid, nucleotide, and
protein biosynthesis contributing to the dysregulated growth and
proliferation of cells in patients with TSC (10, 11). mTORCI can
be directly targeted by the allosteric inhibitor rapamycin and re-
lated analogs, “rapalogs,” as well as catalytic mTOR inhibitors.
Since mTORCI inhibition primarily exerts cytostatic effects (7, 12),
identifying novel therapeutic targets that can yield more durable or
cytotoxic clinical responses is a key focus of ongoing TSC research.
Interleukin-6 (IL-6) is a secreted cytokine and critical medi-
ator of inflammation (13). IL-6 binds to either soluble or
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membrane bound IL-6 receptor a. The IL-6/IL-6Ra complex
then interacts with gp130 to activate signaling via Janus Kinase/
Signal Transducer and Activator of Transcription 3 (JAK/
STAT3). STAT3 regulates the transcription of hundreds of
genes including IL-6. This positive feedback loop has been pre-
viously shown to be an epigenetic mechanism of transformation
downstream of transient Ras activation (14). STAT3 activation
by mTORCI is a well described feature of TSC lesions, along
with an increase in IL-6 production (15-23).

In support of prior findings, we find that IL-6 is up-regulated
in the plasma of patients with LAM and in preclinical models of
TSC in a TSC2- and mTORCI1-dependent manner. By inhibiting
IL-6 both genetically and with neutralizing antibodies, we find
that TSC2-deficient cells depend on IL-6 to support the cell-
autonomous metabolic reprogramming necessary for prolifera-
tion and migration. In particular, we implicate IL-6 in the reg-
ulation of de novo serine synthesis in TSC2-deficient cells. The
enzymatic reactions necessary for de novo serine metabolism
produce serine as well as antioxidants and the tricarboxylic acid
(TCA) cycle intermediate, a-ketoglutarate. Specifically, the first
rate-limiting step is executed by phosphoglycerate dehydroge-
nase (PHGDH), which converts the glycolytic intermediate
3-phoshphogylcerate to 3-phosphohydroxypyruvate, regenerating
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NADH from NAD. The next step is mediated by phosphoserine
aminotransferase 1 (PSAT1), which converts 3-phosphoydroxypyruvate
to 3-phosphoserine by transferring the amino group from gluta-
mate and producing the TCA cycle intermediate a-ketoglutarate.
Finally, 3-phosphoserine is converted to serine by phosphoserine
phosphatase (PSPH). Serine can also be generated from glycine
via the reversible action of serine hydroxymethyltransferase
(SHMT) enzymes. Recent reviews have highlighted the impor-
tance of de novo serine metabolism in cancer survival and pro-
gression (24, 25). Our data implicate IL-6 as a regulator of de

novo serine metabolism in mTORCI hyperactive cells, thereby
promoting the tumorigenic potential of TSC2-deficient cells.

Results

IL-6 Is Up-regulated in LAM Patient Plasma and Preclinical LAM and
TSC Models. Previous studies have shown that TSC2-deficient
cells have a unique secretome, which may support the prolifer-
ation and metastatic potential of TSC tumors and LAM nodules
by both cell-autonomous and paracrine effects (21-23, 26). We
performed a cytokine array using the TSC2-deficient 621-101 cell
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Fig. 1. IL-6 is overexpressed in TSC2-deficient cells and tissues. (A) IL-6 was increased in the plasma of LAM patients (total n = 60, black dots: sporadic LAM,
n = 50; red dots: TSC-LAM, n = 10) compared to healthy controls (n = 38). The data are presented as the mean + SEM. (B) IL-6 mRNA expression by qRT-PCR and
(C) secreted IL-6 measured by ELISA are increased in TSC2-deficient human angiomyolipoma parental cells (621-101) and cells expressing empty vector (621-
102) compared to cells with TSC2 addback (621-103). (D) gRT-PCR of IL-6 mRNA expression showing a 30-fold increase in Tsc2™'~ MEFs compared to Tsc2*/*
MEFs. (E) Rapamycin treatment decreases secreted IL-6 in TSC2-deficient MEFs as measured by ELISA (rapamycin; 20 nM, 24 h). (F) Western blot of membrane
and cytosolic protein fractions of TSC2-deficient and wild-type MEFs. IL-6Ra is highly expressed in TSC2-deficient MEFs compared to TSC2-expressing MEFs.
Cells were cultured in serum-free DMEM for 24 h before harvesting. a-tubulin used as a cytosolic fraction marker and COX IV as a membrane fraction marker.
(G) Representative kidneys of CAGGCre-ER™*~; Tsc2™ and CAGGCre-ER™'~; Tsc2™ mice. (H) Western blot of CAGGCre-ER™*~; Tsc2™ and CAGGCre-
ER™-"-; T5c2™ kidneys showing increased IL-6 expression upon TSC2 loss. (/) Densitometry of IL-6 protein levels normalized to actin in CAGGCre-ER™*'~;
Tsc2™* and CAGGCre-ER™"=; Tsc2™* kidney lysates shown in H. Data are presented as the mean + SD of three independent experiments, unless indicated
otherwise. One-way ANOVA, two-way ANOVA, or Student'’s t test were used for statistical analysis. **P < 0.01, ***P < 0.001, ****P < 0.0001.
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line derived from a human angiomyolipoma, in comparison to 6 is also up-regulated in plasma from LAM patients compared to
the human embryonic kidney cell line HEK293. The most ro-  healthy controls (Fig. 14).

bustly up-regulated cytokine in 621-101 cells was IL-6 (SI Ap- We next confirmed that IL-6 expression is TSC2 dependent by
pendix, Fig. S1 A-D), a factor previously reported in LAM invivo ~ comparing empty vector (621-102) or TSC2-addback cells (621-
models and patient-derived cells (21, 23). We discovered that IL-  103) derived from the parental angiomyolipoma 621-101 cell
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Fig. 2. IL-6 knockout suppresses proliferation and migration and induces a metabolic quiescent state in TSC2-deficient cells. (A) Secreted IL-6 is decreased in
three IL-6 CRISPR/Cas9 clones compared to control, as measured by ELISA. (B) IL-6 knockout decreases the proliferation of TSC2-deficient MEFs compared to
control as measured by crystal violet staining as a readout of cell density. (C) Representative images of (D) quantified cells migrated through transwells
toward serum, which was decreased in IL-6 knockout; TSC2-deficient MEFs compared to TSC2-deficient control MEFs. (Scale bar, 100 um.) (E) OCR is decreased
in TSC2-deficient MEFs with IL-6 knockout compared to control cells. Data show measurements from the Seahorse extracellular flux analyzer using the
MitoStress assay. (F) Summary and statistical analysis of OCR results. (G) Basal ECAR is decreased in TSC2-deficient MEFs with IL-6 knockout MEFs compared to
control. mpH, milli-pH. (H) Energy map showing the global bioenergetic status of TSC2-deficient MEFs with IL-6 knockout compared to control. Data pre-
sented as the mean + SD of three to four independent experiments. One-way ANOVA and Student’s t test were used for statistical analysis. *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001.
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line. TSC2 reexpression significantly reduced /L-6 messenger
RNA (mRNA) expression and secretion of IL-6 (~70%, P <
0.0001) compared to the TSC2-deficient lines (Fig. 1 B and C).
We next determined the expression and secretion of IL-6 in two
additional pairs of TSC2-deficient and expressing cell lines: TTJ
cells, derived from a renal tumor of a Tsc2*/~ mouse, expressing
either empty vector or reexpressing TSC2 and Tsc2*/* and
Tsc2”~ mouse embryonic fibroblasts (MEFs) (27, 28). IL-6
mRNA expression was up-regulated sevenfold in the TSC2-
deficient TTJ cells relative to TSC2-expressing control cells
(P < 0.01, SI Appendix, Fig. S1E) and by ~30-fold in the TSC2-
deficient MEFs relative to TSC2-expressign MEFs (P < 0.001,
Fig. 1D). Secretion of IL-6 was also increased in the TTJ cells (P <
0.05, SI Appendix, Fig. S1F) and TSC2-deficient MEFs (P < 0.0001,
Fig. 1E). Rapamycin (20 nM, 24 h) partially reduced IL-6 secretion
by ~50% (P < 0.001) in TSC2-deficient MEFs (Fig. 1E). Impor-
tantly, we found that IL-6 receptor o (IL-6Ra) is up-regulated in
the membrane fraction of TSC2-deficient compared to TSC2-
expressing MEFs, suggesting that IL-6 can act in an autocrine
manner (Fig. 1F). IL-6 expression was also significantly elevated
~2.5-fold (P < 0.001) in kidney homogenates of CAGGCre-
ER™*/= Tsc2"' mice, which are characterized by cystic kidney
disease—driven mTORCI hyperactivation, compared to CAGGCre-
ER™=; Tsc2" control mice (Fig. 1 G-I) (29, 30).

In summary, these data show that IL-6 is up-regulated in pa-
tient plasma and consistently across numerous in vitro and
in vivo models of TSC and LAM. Furthermore, IL-6 expression
is both TSC2 and mTORC1 dependent. Finally, the increased
expression of IL-6Ra on the TSC2-deficient cells suggests that
IL-6 may be secreted and detected by TSC2-deficient cells,
thereby exerting cell-autonomous effects.

IL-6 Knockout Suppresses Proliferation and Migration and Induces a
Metabolic Quiescent State in TSC2-Deficient Cells. To investigate the
dependance of TSC2-deficient cells on IL-6, we used CRISPR/
Cas9 to knock out IL-6 from TSC2-deficient MEFs. We vali-
dated the knockout by measuring IL-6 secretion in three sepa-
rate single cell clones generated from a single CRISPR/Cas9
guide (Fig. 24). Genetic knockout of IL-6 decreased the prolif-
eration of TSC2-deficient cells in serum-free conditions in
comparison to IL-6—expressing TSC2-deficient cells (>30%, P <
0.001) as assessed by crystal violet staining as an indicator of cell
density changes over 3 d (Fig. 2B). In order to maximize the
differences between TSC2-deficient and wild-type control cells
and to eliminate the possibility of the cells reacting to bovine IL-
6 in the serum, we chose serum-free conditions for all subsequent
experiments. Since metastasis is a key aspect of LAM patho-
genesis, we also wanted to investigate the impact of IL-6 on the
migration capacity of TSC2-deficient cells (31, 32). We discov-
ered that IL-6 knockout also suppressed migration of TSC2-
deficient cells through transwells toward a chemoattractant and
in wound-healing assays compared to control cells (Fig. 2 C and
D and SI Appendix, Fig. S2 A and B). Importantly, conditioned
media from TSC2-deficient cells with intact IL-6 rescued pro-
liferation of the IL-6 knockout cells (SI Appendix, Fig. S2C).
Treatment with recombinant IL-6 (rIL-6) (200 pg/mL) rescued
the proliferation and migration of the TSC2-deficient cells with
IL-6 knockout (SI Appendix, Fig. S2 D and E)

To elucidate the mechanisms through which IL-6 knockout
inhibits the proliferation of TSC2-deficient cells, we examined
oxidative phosphorylation and glycolysis using the Seahorse XF
Analyzer. The MitoStress Test Assay utilizes the effects of var-
ious mitochondrial targeted compounds on oxygen consumption
rate (OCR) and extracellular acidification rate (ECAR) as a
readout of the cellular potential for oxidative phosphorylation
(OXPHOS) and aerobic glycolysis, respectively. Prior studies
have shown that TSC2-deficient cells up-regulate glycolysis and
OXPHOS to sustain the high bioenergetic and anabolic demands
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of mTORCI1 hyperactivation (33-35). We found an overall de-
crease in OCR in the IL-6 knockout, TSC2-deficient cells com-
pared to TSC2-deficient control cells expressing IL-6 (Fig. 2E).
Statistical analysis of the OCR data demonstrated that both
basal and maximal respiration (FCCP-induced) were signifi-
cantly reduced ~50% (P < 0.001) in all three IL-6 knockout
clones (Fig. 2F). We also found that IL-6 knockout suppressed
aerobic glycolysis by ~50% (P < 0.001, Fig. 2G). The reduction
in both OCR and ECAR suggests that IL-6 knockout shifts
TSC2-deficient cells to a bioenergetic quiescent state (Fig. 2H).
Acute treatment with recombinant IL-6 (200 pg/mL, 24 h) had
no impact on the OCR or glycolytic profile of IL-6 KO cells (SI
Appendix, Fig. S2 F and G).

Collectively, these data demonstrate that IL-6 knockout has a
significant impact on proliferation, migration, and metabolism of
TSC2-deficient cells, suggesting that IL-6 may be a previously
unappreciated mediator of metabolic reprogramming in TSC.

IL-6 Promotes De Novo Serine Synthesis in TSC2-Deficient Cells. Since
we observed an IL-6—-dependent reduction in oxidative phosphor-
ylation and glycolysis, we investigated the role of IL-6 in TSC2-
deficient cell metabolism by performing targeted metabolomics,
measuring ~270 unique metabolites by liquid chromatography/
mass spectrometry (36). The IL-6 knockout clones showed a dis-
tinctive metabolic signature (SI Appendix, Fig. S3A4 and SI Table 1).
There was some variability between the three clones, as expected
from the process of single-cell cloning; however, principal com-
ponent analysis confirmed that the clones were more similar to one
another than the TSC2-deficient control cell line (SI Appendix,
Fig. S3B).

We next performed metabolite set enrichment analysis using
MetaboAnalyst software by curating a single list of consistently
differentially regulated metabolites from pairwise comparisons
of the control cells with each of the IL-6 knockout clones. The
most significantly impacted pathway (P < 0.0003) with a false
discovery rate less than 5% was glycine and serine metabolism
(SI Appendix, Fig. S3C). Glycolytic intermediates can be diverted
from the TCA cycle for utilization in de novo serine synthesis
and the pentose phosphate pathway (PPP). In tumors, up-
regulation of de novo serine metabolism and PPP supports nu-
cleotide metabolism and redox homeostasis (37, 38). TSC2-
deficient cells with IL-6 knockout have a >2-fold reduction in
3-phosphoserine (P < 0.001, SI Appendix, Fig. S44) and a ~25%
reduction in total serine levels (P < 0.0001, SI Appendix, Fig.
S4B). Glycine was not measured in our samples, and cysteine was
not changed by knocking out IL-6 (SI Appendix, Fig. S4C). We
also discovered a ~40% reduction in ribose 5-phosphate, a PPP
intermediate, and ~50% reduction in purines following IL-6
knockout in TSC2-deficient cells (SI Appendix, Fig. S4 D and E).

While early metabolites of the TCA cycle (citrate, aconitate,
and isocitrate) were increased greater than twofold (SI Appendix,
Fig. S4 F-H), metabolites downstream of a-ketoglutarate, which
can be produced by glutaminolysis, were unaffected or decreased
by IL-6 loss (SI Appendix, Fig. S4 I-M). One possible explanation
for this result is that decreased flux of glycolytic intermediates
into PPP and de novo serine synthesis following IL-6 knockout
increases flux into the TCA cycle. These data suggest that IL-6
plays a significant role in the metabolism of TSC2-deficient cells,
particularly glucose utilization.

To further investigate the impact of IL-6 on glucose metabolism,
we used U-"°C glucose tracing and measured labeled metabolites
after 0, 1, 3, and 24 h (39), focusing on the fractional enrichment of
metabolites directly related to glucose metabolism (Fig. 34 and SI
Table 2). All statistical analysis was performed at the final 24-h
time point shown in the bar graphs below the time course data. The
M+3 forms of serine (Fig. 3B) and 3-phosphoserine (Fig. 3C) were
decreased in the cells with IL-6 knockout compared to controls
with intact IL-6 by ~50% (P < 0.0001). Enrichment of M+3
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phosphoglycerate was equal between the IL-6 knockout lines and
TSC2-deficient controls, suggesting that IL-6 selectively effects
shuttling of glycolytic intermediates into the de novo serine syn-
thesis pathways (Fig. 3D). IL-6 knockout decreased glucose-
derived M+2 a-ketoglutarate by ~50% (P < 0.001, Fig. 3E) and
increased glucose-derived M+2 glutamate by ~10% (P < 0.01,
Fig. 3F).

Glucose tracing data provide insights into the steady-state tar-
geted metabolomics data, highlighting a significant reduction in

the TCA cycle intermediate a-ketoglutarate derived from glucose.
Furthermore, knocking out IL-6 in TSC2-deficient cells selectively
suppressed glucose-derived intermediates from shuttling into de
novo serine synthesis, thereby impacting the production of serine.

PSAT1 Rescues Proliferation of TSC2-Deficient Cells following IL-6
Knockout. To identify the potential molecular mechanisms
through which IL-6 regulates de novo serine synthesis in TSC2-
deficient cells, we measured the mRNA expression of the key
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Fig. 3. IL-6 regulates de novo serine synthesis in TSC2-deficient cells. (A) Schematic of U-'3C-glucose metabolism. The incorporation of '3C atoms from 3C¢-
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metabolic enzymes of the pathway, PHGDH, PSATI, and PSPH
(Fig. 4 A-D). All three of the enzymes were significantly reduced
at the mRNA level (>30%, P < 0.01) in the IL-6 knockout clones
compared to the control TSC2-deficient cells.

We next confirmed the dependency of PSATI on IL-6 signaling
in the TSC2-deficient cells using short interfering RNA (siRNA)
for IL-6Ra. A 90% reduction in IL-6Ra significantly reduced
PSATI expression ~20% (P < 0.01, SI Appendix, Fig. S5A4). In-
terestingly, knocking down IL-6 ~80% with siRNA had no effect
on PSAT1 expression (SI Appendix, Fig. S5B), suggesting that
TSC2-deficient cells are responding at least in part to binding of
extracellular IL-6 to the IL6-Ra in a cell-autonomous manner to
regulate PSAT1 and de novo serine biosynthesis.

Importantly, treatment with rIL-6 rescued the expression of
PSAT1 in the knockout clones, inducing PSAT1 expression >3-
fold (P < 0.0001, Fig. 5E). Recombinant IL-6 had no effect on de
novo serine synthesis enzymes in the TSC2 wild-type MEFs (S
Appendix, Fig. S5C). rIL-6 also induced a >1.5-fold increase in
PHGDH, PSPH, and cytosolic SHMT1 but not mitochondrially

localized SHMT?2 (SI Appendix, Fig. S5 D and E). These data
highlight the regulation of de novo serine synthesis by IL-6 se-
lectively in TSC2-deficient cells. IL-6 knockout reduced PSAT1
protein expression >25%, while PHGDH and PSPH protein ex-
pression were unchanged compared to the control TSC2-deficient
MEFs (Fig. 4 F-I).

In order to gain insights into the mechanisms by which IL-6 may
regulate the enzymes of de novo serine synthesis, we performed
additional knockdown experiments. Using STAT3 siRNA and
inducible Raptor and Rictor knockout MEFs (40), we determined
that PSAT]I is regulated in a STAT3-independent and mTORCI1-
dependent manner (SI Appendix, Fig. S6 A-C). These data are
consistent with the finding that PSAT1 mRNA is increased ~3-
fold in TSC2-deficient cells compared to wild-type control cells (SI
Appendix, Fig. S6 D and E), as described in previous literature
reports (41). In these prior publications, activating transcription
factor 4 (ATF4) has been implicated in PSAT1 regulation
downstream of mTORCI1. We discovered a ~15% decrease in
ATF4 mRNA by IL-6 knockout (P < 0.001, SI Appendix, Fig. SOF).
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Fig. 4. PSAT1 rescues proliferation of TSC2-deficient, IL-6 knockout cells. (4) Diagram depicting interrelationships between glycolysis, the PPP, de novo serine
biosynthesis, and the TCA. (B-D) PHGDH, PSAT1, and PSPH mRNA levels are decreased in TSC2-deficient, IL-6 knockout cells compared to TSC2-deficient
control MEFs. (E) PSAT1 mRNA levels in IL-6 knockout, TSC2-deficient cells are rescued upon rIL-6 treatment (200 pg/mL; 24 h). (F-/) Western blot and
densitometry showing expression of de novo serine biosynthesis enzymes and decreased PSAT1 expression in IL-6 knockout cells compared to control cells.
Blots are from the same gel. Some lanes were cropped out for visualization purposes. (J) Western blot confirming PSAT1 overexpression in TSC2-deficient, IL-6
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Fig. 5. alL-6 antibody suppresses proliferation, migration, and PSAT1 expression in TSC2-deficient cells. (A) Representative images and (B) quantification of
TSC2-deficient cell colonies grown for 14 d in soft agar and treated with alL-6 or IgG control antibody (10 pg/mL) in serum-free DMEM. (Scale bar, 300 pm.) (C)
Representative images and (D) quantification of wound-healing assay performed on TSC2-deficient cells treated with alL-6 or IgG control antibody (10 pg/mL).
alL-6 treatment decreases wound closure of TSC2-deficient cells compared to IgG control antibody after 20 h (aIL-6; 10 pg/mL). Quantification of percent area
filled between the two leading edges at 20 h compared to 0 h (0% filled). (Scale bar, 150 pm.) (E) PSAT1 mRNA and (F) PSAT1 protein are decreased by alL-6
antibody (10 pg/mL; 48 h) in TSC2-deficient cells. Cells were grown in serum-free DMEM for the duration of the experiments. The data are presented as
mean + SD of three independent experiments. Student’s t test was used for statistical analysis with *P < 0.05, **P < 0.01, ***P < 0.001.

Interestingly, ATF4 protein expression and phosphorylation of S6
kinase were decreased in IL-6 knockout cells compared to IL-
6—expressing cells (SI Appendix, Fig. S6G). Importantly, ATF4
expression was induced ~2-fold (P < 0.001) by rIL-6 treatment in
IL-6 knockout TSC2-deficient MEFs compared to TSC2 wild-type
MEFs, in which ATF4 expression was unchanged by rIL-6 (S/
Appendix, Fig. S6 H and I). In order to determine the dependence
of TSC2-deficient cells on PSAT1 downstream of IL-6, we over-
expressed PSATI in the IL-6 knockout cells. Overexpression of
PSAT1 was sufficient to rescue the proliferation of the IL-6
knockout cells and had no effect on the proliferation of the TSC2-
deficient control cells (Fig. 4 J and K).

In summary, these data suggest that IL-6 promotes the pro-
liferation of TSC2-deficient cells in a cell-autonomous manner

Wang et al.
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via the up-regulation of PSAT1 and induction of de novo serine
synthesis.

IL-6 Neutralizing Antibody Suppresses PSAT1 Expression, Proliferation,
and Migration in TSC2-Deficient Cells. IL-6 and IL-6Ra neutralizing
antibodies are approved by the Food and Drug Administration of
the United States (FDA) for the treatment of various autoimmune
diseases including rheumatoid arthritis (42). Therefore, we sought
to determine whether anti-IL-6 («IL-6) antibody treatment would
impact the proliferation and migration of TSC2-deficient cells. We
used p-STAT3Y"® expression as a surrogate marker of olL-6
antibody activity (ST Appendix, Fig. ST A and B). In order to more
closely mimic the long-term consequences of alL-6 antibody on
the TSC2-deficient cells, we treated cells for 14 d and then
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quantified colony formation in anchorage-independent soft agar
conditions. oIL-6 antibody reduced colony formation by ~60%
(P < 0.01) compared to TSC2-deficent cells treated with control
IgG antibody (Fig. 5 A and B). oIL-6 antibody also acutely re-
duced the migration of TSC2-deficient cells ~40% compared to
IgG antibody control (P < 0.001, Fig. 5 C and D).

We next wanted to determine if alL-6 antibody treatment
inhibited proliferation and migration effects by limiting de novo
serine synthesis, as we observed in the IL-6 knockout cells. We
discovered that oIL-6 significantly reduced PSAT1 expression
and reduced the M+3 labeling of serine in the TSC2-deficient
cells (Fig. 5 E and F and SI Appendix, Fig. S7C and SI Table 3).
These data suggest that targeting IL-6 regulates PSAT1 expres-
sion and de novo serine synthesis in TSC2-deficient cells and
may be a therapeutic approach for the treatment of TSC
and LAM.

IL-6 Neutralizing Antibody Suppresses the Progression of Renal Tumors
in TSC2*~ Mice. We next investigated the therapeutic impact of
oIL-6 antibody in Tsc2*/~ mice, a well-established preclinical

model of TSC, which spontaneously develops renal cysts and
cystadenomas by 6 mo of age (43). In the first set of experiments,
we determined the therapeutic benefits of oIL-6 antibody as a
single agent. The 8-mo-old Tsc2*/~ mice were treated with aIL-6
antibody or control antibody (IgG) (200 pg, three times per week)
for 1 mo (Fig. 64) and harvested 24 to 48 h after the final injec-
tion. Kidneys were inspected macroscopically for gross cysts and
tumor burden (Fig. 6B). aIL-6 antibody reduced both the gross
and microscopic tumor burden ~30% (P < 0.05) compared to the
IgG-treated mice (Fig. 6 B-D). aIL-6 antibody also reduced the
number of proliferating Ki67+ cells in the renal lesions (30%, P <
0.01, Fig. 6 E and F). Semiquantitative analysis of PSAT1 ex-
pression in renal lesions of the Tsc2™~ mice was performed by a
blinded observer. Two out of three alL-6 antibody—treated mice
showed a decrease in the PSAT1 expression across >10 lesions per
mouse (S Appendix, Fig. S8 A and B).

mTORCI inhibition with rapamycin and related rapalogs is
currently approved for patients with LAM and TSC. In LAM
patients, lung function decline stabilizes, and many brain lesions
and renal tumors shrink on mTORCI inhibitor treatment in
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Fig. 6. alL-6 antibody suppresses renal cystadenoma formation in Tsc2*'~ mice. (A) Experimental design of alL-6 antibody treatment. Tsc2*'~ mice were
injected intraperitoneally with IgG or alL-6 antibody (200 pg/mouse, three times per week) for 1 mo and then harvested 24 to 48 h after the last injection. (B)
Representative kidneys of Tsc2*/~ mice injected intraperitoneally with IgG or alL-6 antibody. (C) alL-6 antibody decreased the gross tumor score and (D)
microscopic tumor score of Tsc2*/~ kidneys compared to IgG-treated kidneys. (E) Representative images of Ki67 staining in Tsc2*~ renal tumors and (F)
quantification showing decreased proliferation in mice treated with alL-6 antibody compared to IgG control mice. (Scale bar, 100 um.) (G) Experimental
design to determine the duration of therapeutic benefit following alL-6, rapamycin, or combination treatments. Tsc2*'~ mice were treated for 1 mo and then
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patients with TSC (44, 45). However, disease burden rapidly
rebounds after treatment cessation, necessitating novel thera-
peutic interventions. To determine the lasting effectiveness of
alL-6 antibody treatment compared to rapamycin or combination
therapy (Fig. 6G), Tsc2*/~ mice at 5 to 6 mo of age were randomly
assigned to receive IgG, olIL-6 (200 pg, three times per week),
rapamycin (3 mg/kg three times per week), or the combination
(aIL-6 and rapamycin) for 1 mo. The mice were harvested 2 mo
after the final treatment. All three treatment arms showed sig-
nificant reduction in tumor burden compared to the IgG control
mice (Fig. 6 H and I). The mean gross tumor score was reduced by
25% by alL-6 antibody (P < 0.01), 30% by rapamycin (P <
0.0001), and 50% by the combination (P < 0.0001) compared to
the IgG-treated controls. The mean microscopic tumor burden
was reduced by 40% by oIL-6 antibody (P < 0.01), 60% by
rapamycin (P < 0.0001), and 70% by the combination (P < 0.0001)
compared to the IgG-treated controls.

In summary, we observed a significant benefit from alL-6 an-
tibody treatment and long-term benefits of 1-mo treatment with
alL-6 antibody. The combination of oIL-6 antibody and rapamy-
cin appears to have an additive effect on tumorigenesis. These
studies support the therapeutic potential of using clinically avail-
able approaches to target IL-6 in patients with TSC and LAM
alone or in combination with mTORCI inhibition.

Discussion

We have discovered that IL-6 cooperates with mTORCI1 activa-
tion to support TSC-associated metabolic reprogramming. Using
steady-state metabolomics in combination with U-">C glucose
tracing, we demonstrate that IL-6 plays a role in shunting glycolytic
intermediates into de novo serine synthesis, a process which sup-
ports redox homeostasis and nucleotide metabolism in numerous
tumors (41, 46-48). Our data suggest that IL-6 targeting has a
significant impact on the metabolism and proliferation of TSC2-
deficient cells. Interestingly, PSAT1 overexpression was sufficient
to rescue the proliferation of the IL-6 knockout cells in the TSC2-
deficient state, suggesting that regulation of serine metabolism is a
key pathway downstream of IL-6. Serine, glycine, and one carbon
metabolism fuels into numerous essential metabolic pathways (48,
49). Future studies will explore additional processes downstream
of IL-6 and serine metabolism in the setting of mTORCI hyper-
activation. Notably, serine metabolism was shown to play a role in
epigenetic processes following LKB1 loss and mTORCTI activation
in KRAS-driven tumors (50). Serine availability is also important
for the generation of certain lipid species known to be dysregu-
lated in TSC2-deficient cells, suggesting another aspect of TSC
biology that may be significantly impacted by inhibiting IL-6 (47,
51). These studies highlight the far-reaching effects on features of
TSC pathogenesis, which may be mediated by IL-6 and serine
metabolism.

IL-6 is a known autocrine, paracrine, and endocrine factor that
has been implicated in the initiation, progression, and metastasis
of numerous tumor types including skin, breast, lung, and kidney
tumors (13, 52, 53). In this study, we focused on the cell-
autonomous roles of IL-6 on the metabolism and tumorigene-
sis of TSC2-deficient cells. Interestingly, we discovered that cir-
culating IL-6 levels are elevated in the serum of LAM patients
and in TSC2-deficient human angiomyolipoma cells. Addition-
ally, expression of IL-6Ra is elevated in TSC2-deficient cells,
suggesting that IL-6 plays a role in a cell-autonomous manner.
Interestingly, IL-6Ra can be shed into the extracellular milieu,
allowing previously nonresponsive cells expressing the ubiquitous
gp130 receptor to sense IL-6 (42, 54, 55). This mechanism of
action highlights the exciting possibility that TSC2-deficient cells
may also shed IL-6Ra to modulate the tumor microenvironment,
exerting non—cell autonomous effects. Since recent studies have
shown that TSC-associated pulmonary LAM and renal angio-
myolipomas are responsive to immune checkpoint blockade (28,
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56), the importance of the immune system in TSC and LAM
disease progression has been well established. Importantly, IL-
6-targeted therapies following mTORCI activation caused by
STK11/LKB1 loss in RAS-driven lung tumors decreased the
immunosuppressive effects of tumor-associated neutrophils (57).
Therefore, understanding the impact of IL-6-mediated signaling
on the tumor microenvironment in TSC and LAM will be a
critical next step for future studies.

IL-6 activates the pro-oncogenic transcription factor STAT3 via
binding to IL-6Ra and gpl130, leading to canonical JAK/STAT
signaling. STAT3 activation is a well-described feature of TSC (15,
16, 19, 21, 23, 58, 59), including both brain and lung manifesta-
tions (16, 20). However, the mechanisms underlying this activation
are not completely understood. We propose a model in which
secreted IL-6 potentiates the STAT3 signal in TSC2-deficient
cells. STAT3 is also directly activated by mTORCI1-mediated
phosphorylation on serine 727, a phosphorylation event required
for maximal transcriptional activation (60). Together, these data
support the activation of a STAT3/IL-6 positive feedback loop in
TSC (61). Surprisingly, we discovered that IL-6 regulates de novo
serine synthesis in a STAT3-independent manner in TSC2-
deficient cells. Interestingly, the transcription factor, ATF4,
known to regulate de novo serine synthesis enzymes (41, 62), was
both mTORCI dependent and regulated by IL-6. IL-6 activates
additional protumorigenic pathways including RAS, phosphatidyl
inositol 3-phosphate (PI3K-AKT), and Yes-associated protein/
taffazin (YAP/TAZ) (13, 63-65). Furthermore, the IL-6 gene
promoter contains an antioxidant response element and can be
regulated by Nuclear Factor Erythroid 2 (NRF2) (66), which is up-
regulated in TSC lesions (67) and has been previously implicated
in regulating de novo serine synthesis in tumors (68). Finally,
YAP/TAZ signaling has been shown to be up-regulated in TSC
and plays a role in the regulation of transaminases in cancers (69,
70). Our data suggest that the regulation of de novo serine syn-
thesis downstream of IL-6 may involve a complex interplay of
transcription factors, many of which are implicated in TSC and
LAM pathogenesis.

This project highlights potential therapeutic strategies for TSC
and LAM. To assess the therapeutic potential of targeting IL-6 in
TSC and LAM, we treated 8-mo-old Tsc2*"~ mice that have
established tumor burden with IL-6-neutralizing antibody (aIL-6
antibody). We demonstrate that oIL-6 antibody suppresses the
formation of renal cysts and cystadenomas in Tsc2*/~ mice. IL-6
targeted therapies are currently FDA approved for the treatment
of rheumatoid arthritis and Castleman’s disease (54, 55). Inter-
estingly, we found only a partial reduction of IL-6 upon rapamycin
treatment in vitro and an additive benefit of combining oIL-6
antibody with rapamycin in vivo. These data suggest that IL-6
pathway targeted therapies may work well in combination with
mTORCI1 inhibition, which is the standard of care for most pa-
tients with progressive TSC and LAM. Efforts are also underway
to develop novel inhibitors of serine metabolism. These studies
have shown that tumors must be in a serine-limited environment
for maximal therapeutic potential. The brain is one organ system
with low serine and glycine in which PHGDH inhibitors have
shown therapeutic benefit in preclinical models (71), with possible
implications for the various brain tumors that form in TSC. Fi-
nally, a serine/glycine limited diet has also been shown to improve
the efficacy of these inhibitors in tumor models (72, 73).

In summary, we have uncovered a distinct IL-6-dependent
metabolic signature, which plays an important role in supporting
the proliferative and bioenergetic activity of TSC2-deficient cells.
In particular, IL-6 appears to promote de novo serine biosynthesis
and expression of the key intermediate enzyme, PSAT1. Targeting
IL-6 with a neutralizing antibody exerts acute and durable thera-
peutic responses alone and in combination with rapamycin in vivo.
Future studies may elucidate the molecular mechanisms by which
IL-6 regulates de novo serine biosynthesis and the potential
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therapeutic benefits of directly targeting de novo serine metabo-
lism in TSC and LAM.

Materials and Methods

Cell Lines and Treatment. Tsc2~"p53~'~ and Tsc2**p53~'~ MEFs were provided
by David Kwiatkowski, Division of Pulmonary & Critical Care, Department of
Medicine, Brigham and Women'’s Hospital, Boston, MA. The MEFs and stocks
were prepared at passage 8. TTJ cells and 105 K were derived from a renal
cystadenoma of a C57BL/6 Tsc2*~ mouse, with reexpressed Tsc2 or empty
vector, as previously described (28). The 621-101 cells were isolated from a
patient renal angiomyolipoma and immortalized with E6/E7, and the parental
621-101 cells were then use to reexpress Tsc2 (621-103) or empty vector (621-
102), as previously described (74, 75). HEK293 cells were obtained from
American Type Culture Collection (ATCC). Further details on cell lines used in
this study can be found in S/ Appendix.

Antibodies and Drugs. The following antibodies were used: TSC2 (Cell Signaling
Technology, 4308S), S6 (2217S), pS6(2211L), IL-6 (Santa Cruz Biotechnology, sc-
57315), STAT3 (9139S), pSTAT3 (9145S), PSAT1 (Protein Tech, No. 20180-1-AP),
PHGDH (Protein Tech, No. 14719-1-AP), PSPH (Protein Tech, No. 14513-1-AP),
B-actin (Sigma-Aldrich), K-67 (eBioscience, No. 14-5698-82). For immunohisto-
chemistry, PSAT1 antibody (2102) was purchased from Origene. IL-6 neutral-
izing antibody and IgG control were purchased from Bioxcell (BE0O046 and
BE0088). Rapamycin and Torin1 were purchased from LC Laboratories.
Recombinant mouse IL-6 (406-ML) was purchased from R&D.

Seahorse Assay. The MitoStress Test Assay and the Seahorse XFe24 analyzer
were used. Cells were seeded into the XFe24 microplate and incubated for
24 h in 10% fetal bovine serum (FBS) Dulbecco’s modified Eagle medium
(DMEM). The next day, cells were washed with phosphate buffer saline (PBS)
and cultured in FBS-free DMEM for 24 h. Compounds (final concentrations:
1 pM oligomycin, 1pM FCCP, 0.5 uM rotenone/antimycin A) were added to a
prehydrated sensor cartridge. The sensor cartridge and XFe 24 microplate
were placed in the XFe Analyzer. Results were normalized to cell number.

U-"3C Glucose Tracing. Cells (4 x 10°) were seeded onto 60-mm plates in 10%
FBS DMEM (Thermo Fisher Scientific, Gibco No. 11995123). The next day, the
cells were washed with PBS and transferred to serum-free DMEM (Thermo
Fisher Scientific, Gibco No. 11966025) supplemented with 4.5 g/L p-glucose. For
U-"3C glucose tracing following olL-6 antibody experiments, the cells also were
washed with PBS and transferred to either alL-6 antibody (10 pg/mL) or IgG (10
pg/mL) in serum-free DMEM (Thermo Fisher Scientific, Gibco No. 11966025)
supplemented with 4.5 g/L p-glucose. At —24 h, -3 h, —1 h to harvest, the cells
were washed with glucose-free and serum-free DMEM (Gibco No. 11966025)
and then incubated in DMEM (No. 11966-025) supplemented with 4.5 g/L U-
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3¢ Glucose (Sigma Aldrich) for 0 h, 1 h, 3 h, or 24 h. The cells were harvested
and analyzed as described in S/ Appendix (36, 39).

Human Plasma Specimens. Patient samples and healthy control samples were
obtained through a Partner’s Health Care Institutional Review Board ap-
proved protocol. Subjects gave consent to the clinical research team free of
coercion, and samples were collected, deidentified, and coded. Plasma
Interleukin-6 was measured by enzyme-linked immunosorbent assay (ELISA;
R&D Quantikine Human IL-6 ELISA or High Sensitivity IL-6 ELISA).

Animal Studies. All animal studies were performed in accordance with insti-
tutional protocols approved by the Brigham and Women's Hospital Institu-
tional Animal Care and Use Committee. For the cystic kidney model, we
crossed the CAGGCRE-ER™*~ (The Jackson Laboratory) to Tsc2 flo¥flox (Michael
Gambello, Department of Human Genetics, Emory University School of Med-
icine, Atlanta, GA). Recombination of Tsc2 was induced in 8- to 10-wk-old
CAGGCRE-ER™*'~; Tsc2 flo¥flox o control (CAGGCRE-ER™~; Tsc2 flo¥floX) mice
with intraperitoneal tamoxifen (in corn oil) at a dose of 1 mg per day for five
consecutive days. Kidneys were harvested at 5 mo of age. Tsc2*"~ mice in the
A/) background were generated in house as described previously (43, 76).
Treatment schemes and quantitative analyses are described in detail in
SI Appendix.

Statistical Analyses. Normally distributed data were analyzed for statistical
significance with Student’s unpaired t test and multiple comparisons were
made with one-way and two-way ANOVAs with Bonferroni correction. In
vivo data are presented as the mean + 95% Cl, and in vitro studies are
presented as the mean + SD. Analysis was performed using GraphPad Prism
version 8; GraphPad Software, https:/www.graphpad.com. Statistical sig-
nificance was defined as P < 0.05.

Data Availability. All study data are included in the article and/or supporting
information.
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