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SUMMARY

Signal transducer and activator of transcription 3 (STAT3) is a potent transcription factor necessary for life
whose activity is corrupted in diverse diseases, including cancer. STAT3 biology was presumed to be
entirely dependent on its activity as a transcription factor until the discovery of a mitochondrial pool of
STAT3, which is necessary for normal tissue function and tumorigenesis. However, the mechanism of
this mitochondrial activity remained elusive. This study uses immunoprecipitation and mass spectrometry
to identify a complex containing STAT3, leucine-rich pentatricopeptide repeat containing (LRPPRC), and
SRA stem-loop-interacting RNA-binding protein (SLIRP) that is required for the stability of mature mito-
chondrially encoded mRNAs and transport to the mitochondrial ribosome. Moreover, we show that this
complex is enriched in patients with lung adenocarcinoma and that its deletion inhibits the growth of
lung cancer in vivo, providing therapeutic opportunities through the specific targeting of the mitochondrial
activity of STAT3.

INTRODUCTION fied*® that is critical for tumor development and is independent
of nuclear STAT3 activity."® Mitochondrial STAT3 augments

Signal transducer and activator of transcription 3 (STAT3) is a  the activity of the electron transfer chain (ETC)*° and the pro-

latent transcription factor activated by tyrosine phosphorylation
in response to a plethora of cytokines and growth factors to
mediate cellular differentiation, proliferation, immune function,
and metabolism." Deregulation of STAT3 tyrosine phosphoryla-
tion, typically due to elevated cytokine secretion (e.g., inter-
leukin-11 [IL-11] in gastric cancer®) or mutation in upstream
tyrosine kinases (e.g., JAK2 in myeloproliferative disease®)
drives the constitutive expression of pro-survival and prolifera-
tive genes. This augmented STAT3 activity is observed in
approximately 50% of human cancers. STAT3 activity was
exclusively attributed to its role as a nuclear transcription factor
until recently, when a mitochondrial pool of STAT3 was identi-
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duction of reactive oxygen species (ROS)’° and blocks the
opening of the mitochondrial permeability transition pore
(mPTP)."® The mechanism of STAT3 mitochondrial activity
has been proposed to be through its interaction with complex
| of the ETC® and with cyclophilin D."" However, isobaric label-
ing mass spectrometry revealed a ratio of STAT3 to complex |
of approximately 1:100,000,'? making this physical interaction
an implausible mechanism by which STAT3 regulates ETC ac-
tivity. In this report, we identify a mechanism of STAT3 mito-
chondrial activity that has significant implications in cancer as
well as in stem cell differentiation’® and immune,>'* cardiac,’
and neural® biology.
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Figure 1. Mitochondrial STAT3 forms a complex with LRPPRC and SLIRP

(A) Schematic representation of IP-MS workflow.

(B) Size-exclusion chromatography of STAT3-containing complexes from isolated mitochondria. Molecular weight markers were separated in previous runs, and

retention time corresponding to each indicated size is indicated.

(C) Venn diagram showing the overlap between STAT3-interacting proteins identified from A549 cytosolic, mitochondrial, and nuclear fractions and the mito-

chondrial proteome (Mitocarta 2.0).

(D) —Log10 p values of Gene Ontology analysis of mitochondrial STAT3-interacting proteins. Analysis performed with the ClueGO application for Cytoscape

with a pathway p value set at <0.001.
See related content in Figure S1 and Table S1.

RESULTS

Mitochondrial STAT3 forms a complex with LRPPRC and
SLIRP

Despite the relative paucity of mitochondrial STATS, its activity in
this organelle is likely to be dependent on interaction with other
mitochondrial proteins. Therefore, to identify the mitochondrial
STAT3 interactome, we undertook an unbiased mass spectrom-
etry approach. Due to the requirement of mitochondrial STAT3
for RAS-driven tumors,*® endogenous STAT3 was deleted
from the KRAS mutant A549 lung adenocarcinoma cell line,
which was subsequently reconstituted with dual FLAG- and
Strep-tagged STAT3 (Figure S1A). Cells were fractionated
into cytosolic, nuclear, and mitochondrial compartments
(Figures 1A and S1B), and STATS, together with associated pro-
teins, was isolated from each fraction using anti-FLAG or strep-
tactin resin. To determine whether mitochondrial STAT3 exists in
multimeric complexes, proteins were eluted from capture beads
and separated by size-exclusion chromatography, which re-
vealed that mitochondrial STAT3 predominantly exists in a
~400 kDa complex with minor species at ~670 and ~100 kDa;
this latter peak is consistent with the known size of monomeric
STAT3 (Figure 1B). Together, these data suggest that STAT3
forms multimeric complex(es) in the mitochondria.

The identities of STAT3-interacting proteins from each cellular
compartment were determined by liquid chromatography-tan-
dem mass spectrometry (LC-MS/MS) and prioritized for valida-
tion if the interacting protein(s) appeared in the Mitocarta data-
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base of mitochondrial proteins (Figure 1C)."” Gene Ontology
(GO) analysis of the 92 putative mitochondrial interacting proteins
(Table S1) showed significant enrichment in mitochondrial RNA-
catabolic processes (p = 5.67 x 10~°), mitochondrial translation
(p = 1.58 x 107%%), and mitochondrial gene expression (p =
6.21 x 10~% (Figure 1D). Two putative mitochondrial STAT3-in-
teracting proteins common to these GO terms (leucine-rich pen-
tatricopeptide repeat containing [LRPPRC] and SRA stem-loop-
interacting RNA-binding protein [SLIRP]) form a known
heterotetrameric protein complex at a 2:2 ratio'® of 350-
400 kDa."® The predicted size of an LRPPRC (158 kDa), SLIRP
(12 kDa), and STAT3 (88 kDa) complex at a 2:2:1 ratio is consis-
tent with mass of the major mitochondrial STAT3 species
(~400 kDa) (Figure 1B). STAT3, LRPPRC, and SLIRP are not
exclusively mitochondrial proteins, with pools present in mito-
chondria, cytosol, and nucleus.'*%?" Therefore, the interaction
between endogenous STAT3, LRPPRC, and SLIRP within the
mitochondria was shown by reciprocal immunoprecipitation (IP)
of endogenous protein from isolated, pure mitochondrial frac-
tions (Figures 2A-2C) and confirmed by proximity ligation assay
(PLA) (Figures 2D and S2). While mitochondrial STAT3 is neces-
sary for RAS transformation, STAT3 is also required for many
other cancers with low incidence of RAS mutation, including
gastric cancer.?” The requirement for the mitochondrial activity
of STAT3 in these cancers remains unclear. Therefore, to deter-
mine whether this complex was restricted to KRAS-transformed
cells, reciprocal IP of endogenous STAT3, LRPPRC, and SLIRP
from the mitochondria was performed in the RAS wild-type,
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Figure 2. STAT3 interacts with LRPPRC and SLIRP independent of RNA
(A-C) Immunoprecipitation of mitochondrial fractions from A549 WT or STAT3~/~ cells with antibodies against (A) STAT3, (B) LRPPRC, or (C) SLIRP and western

blots probed with indicated antibodies.

(D) Proximity ligation assay using antibodies against either LRPPRC and STAT3 or SLIRP and STAT3 (green), counterstained with DAPI (blue) and MitoTracker

(red). Scale bar: 20 um.

(E and F) Mitochondrial fractions from (E) SLIRP knockout or (F) LRPPRC knockdown cells were immunoprecipitated with LRPPRC or SLIRP antibodies,

respectively, and western blots probed with the indicated antibodies.

(G) LRPPRC immunoprecipitation from the mitochondrial fractions of matched A549 wild-type (WT) and A549 pq cells.

See related content in Figures S2, S4 and S5.

MKN28 gastric cancer cell line (Figure S3). Together, these data
show that STAT3 forms a complex with LRPPRC and SLIRP inthe
mitochondria that is not restricted to KRAS mutant cells.

STAT3’s association with the LRPPRC-SLIRP complex is
independent of mitochondrial RNA

Mitochondria have a discrete circular genome that encodes 13
mRNA, 22 tRNA, and 2 rRNA sequences.” Each of the 13 mito-
chondrial mMRNAs (mtRNA) encode proteins required for ETC ac-
tivity. Transcription generates polycistronic precursor RNA tran-
scripts, which are cleaved at the 5’ and 3’ ends by specific
RNAse enzymes and undergo maturation including polyadenyla-
tion. mtRNA polyadenylation has the dual function of generating
a stop codon and increasing mtRNA stability.”**> The SLIRP-
LRPPRC complex binds to maturing mtRNA species and facili-
tates poly(A) tail elongation,”® mtRNA stability”” and transport
to the mitochondrial ribosome for efficient translation.”® The
RNA-binding capacity of the complex is conferred by
LRPPRC,"® and the loss of either LRPPRC or SLIRP leads to
the degradation of the remaining member of the complex.'®
A549 cells deficient in STAT3, LRPPRC, or SLIRP were gener-
ated by CRISPR-Cas9 (Figure S4A). LRPPRC is an essential pro-
tein®®?%; therefore, heterozygote cell lines were generated, and
the expected ~50% reduction in LRPPRC protein expression
was confirmed (Figure S4B). STAT3 deletion had no impact on
the steady-state abundance of either LRPPRC or SLIRP, indi-

cating that these genes are not STAT3 transcriptional target
genes (Figures 2A, 2B, and S4), nor does the loss of STAT3 alter
complex formation or stability (Figures 2B and 2C). As expected,
the complete loss of SLIRP results in degradation of LRPPRC but
has no impact on STAT3 expression (Figure S4A). Likewise, the
partial loss of LRPPRC concomitantly reduces SLIRP expression
(Figure S4A). Reciprocal IP in cells lacking SLIRP reveals that
STATS still interacts with LRPPRC, suggesting that the STAT3
interaction is mediated by LRPPRC, not SLIRP (Figure 2E). We
do observe a STAT3-SLIRP interaction in LRPPRC knockdown
cells (Figure 2F). However, in this latter case, it is possible that
this is through the residual LRPPRC protein in these heterozy-
gous cells.

The SLIRP-LRPPRC complex is stabilized by binding to
mtRBNA. Therefore, to determine whether the STAT3-LRPPRC-
SLIRP interaction is dependent on RNA, A549-p, cells, which
lack mitochondrial DNA and, therefore, mitochondrial RNA and
ETC activity, were generated (Figure S5). Importantly, STAT3,
LRPPRC, and SLIRP are nuclear-encoded genes that are unaf-
fected by the deletion of the mitochondrial genome. Reciprocal
IPs on mitochondria isolated from A549-pq cells show that the
STAT3-LRPPRC and STAT3-SLIRP interactions are indepen-
dent of mtRNA (Figure 2G). Together, these data show that while
the LRPPRC-SLIRP complex is stabilized by the expression of
SLIRP and the interaction with mtRNA, the association of
STAT3 with this complex is independent of either SLIRP or RNA.

Cell Reports 42, 113033, September 26, 2023 3
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STAT3 is required for the stability of mature mtRNA
species

The function of the LRPPRC-SLIRP complex is to enable elonga-
tion of poly(A) tails, mtRNA stability, and transport to the ribo-
some. Therefore, the role for STAT3 in these functions was inter-
rogated. Multiplex poly(A) test RNA sequencing (mPAT)* is a
next-generation amplicon sequencing technology that captures
the full 3’ endogenous poly(A) tail from candidate mRNA,
enabling the determination of poly(A) tail length. mPAT analysis
on matched STAT3 wild-type and null A549 cells revealed that
STATS loss has no impact on mRNA poly(A) length of a panel
of either mitochondrially encoded or nuclear-encoded mito-
chondrial genes (Figure S6). Whether STAT3 loss affected the
expression of immature and mature, poly(A)-tailed mtRNA was
determined by performing gRT-PCR on cDNA generated by
either random hexamers (i.e., both immature and mature mtRNA)
or oligo(d-T) primers (i.e., only the mature poly(A)-tailed mtRNA).
STAT3 knockout resulted in a significant reduction in the poly(A)-
tailed mtRNA species (Figure 3A); however, it had no impact on

4 Cell Reports 42, 113033, September 26, 2023

confirmed by western blot.

(F) RNA was biotinylated and isolated from mito-
chondrial ribosomal fractions and abundance of
each mtRNA species at the mitochondrial ribosome

determined by qRT-PCR and expressed relative to
WT cells. All experiments were performed at least 3
times and plotted as the mean + SD. Student’s t test

o B 6 v was used to determine significance. *p < 0.05,

- **p < 0.01, **p < 0.001.

ND3 — IS (G and H) A549 STAT3 WT or STAT3 '~ cells (G) or
353 |abeling of mitochondrially encoded proteins

[ (H) in Ras-transformed MEFs (STAT3 WT,
i s STAT3™/~, or STAT3™/~ reconstituted with mi-

tochondrially restricted STAT3 [MTS]).

the expression of total mitochondrial RNA (Figure 3B). To ensure
that this was not influenced by any impact of STAT3 on mito-
chondrial DNA copy number, the mitochondrial DNA content
was determined in matched wild-type and STAT /~ A549 cells
and showed that there is no significant STAT3 dependency (Fig-
ure S7). Together, these data confirm that STAT3 specifically in-
fluences the abundance of mature mtRNA species.

While our data show that STAT3 specifically impacts the abun-
dance of mature poly(A), but not the total pool of mtRNA, it is
important to note that STAT3 is a potent nuclear transcription
factor and has been reported to bind to the mitochondrial tran-
scription factor TFAM®" and to mitochondrial DNA®? and to regu-
late the transcription of the mitochondrial genome.®' Therefore,
to determine whether STAT3 regulates transcription of the mito-
chondrial genome, intact mitochondria isolated from STAT3
wild-type and knockout A549 cells were pulsed with 5-ethynyl-
uridine (EU) for 1 h to label nascent mtRNA species. gqRT-PCR
on cDNA generated from captured EU-RNA revealed no signifi-
cant difference in the abundance of newly synthesized mtRNA in
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Figure 4. STAT3 interaction with the LRPPRC-SLIRP complex is required for tumor growth

(A) Schematic overview of STAT3 domains. C-C, coiled coil; DBD, DNA-binding domain; TAD, transcriptional activation domain.

(B) Spotted cellulose arrays were incubated with lysates from STAT3~/~ (left panel) or SLIRP~/~ (right panel) to enable LRPPRC complex to bind to STAT3
peptides. Complex interaction was detected by LRPPRC antibody. Border spots are for orientation.

(C) Spotted array analysis was performed three times and spot intensity calculated. Graph represents mean spot intensity + SD for three independent experi-
ments. The location of the first amino acid of each peptide sequence is shown on the x axis, dashed lines show the border of each STAT3 domain, and the bar
color follows the schematic in (A).

(D) STAT3 was immunoprecipitated from mitochondria isolated from the indicated cell lines and the interaction between LRPPRC and STAT3 determined by
western blot. Data are representative of at least three independent experiments.

(legend continued on next page)
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the absence of STAT3 (Figure 3C). These data, together with
those in Figure 3B, confirm that STATS is not acting as a mito-
chondrial transcription factor in this context. We therefore hy-
pothesize that the reduction in mature mtRNA species in
STAT3 knockout cells was due to decreased RNA stability. To
test this, A549 and A549 STAT3 ™'~ cells were pulsed with EU
for 6 h and chased in fresh media for 16 h. EU-RNA was
biotinylated and isolated, and the abundance of each mtRNA
species was determined. During mtRNA maturation, the
polycistronic RNA transcript is cleaved between adjacent genes.
Therefore, as a control, a primer pair that generates an
amplicon spanning the junction between MT-ND3 and MT-
COX3, which is abolished in mature mtRNA, was designed. A
significant reduction in each of the mature mtRNA species was
observed in the absence of STAT3, while the MT-ND3/COX3
junctional amplicon was not significantly altered (Figure 3D).
Therefore, STAT3 is specifically required for the stability of
mature mtRNA species and has no impact on mitochondrial
copy number, on mitochondrial transcription, or on the poly(A)
tail length of mtRNA.

STATS3 loss blocks mtRNA transport to the mitochondrial
ribosome and impedes mitochondrial translation
Mitochondria have their own discrete ribosome (mitoribosome)
containing approximately 80 nuclear-encoded proteins that is
more proteinaceous than its bacterial ancestor.>® Loss of
SLIRP results in impaired transport of mtRNA to the mitoribo-
somes.?® In the absence of STAT3, the abundance of mitochon-
drial poly(A) mRNA species is diminished (Figure 3A); however,
the abundance of newly synthesized mtRNA is unchanged (Fig-
ure 3C). Therefore, to assess the transport of MRNA to the mitor-
ibosome without the influence of decreased mtRNA stability,
mitochondria isolated from STAT3 wild-type and STAT3 /'~ cells
were pulsed with EU for 1 h and mitoribosome purified. Protein
and RNA were isolated from the mitoribosomal fraction, and
western blot for protein constituents of the heavy (MRPL37)
and light (MRPS35) ribosomal subunits confirmed that there is
no STAT3-dependent defect in mitoribosomal protein abun-
dance (Figure 3E). However, in the absence of STAT3, there
was a significant decrease in the abundance of each newly syn-
thesized, EU-pulsed mtRNA species at the mitoribosome (Fig-
ure 3F), indicating that STAT3 is required for the transport of
newly synthesized mitochondrial RNA to the ribosome for trans-
lation. Indeed, 23S pulse labeling of newly synthesized mitochon-
drial polypeptides in A549 wild-type and STAT3 ™/~ cells re-
vealed a significant defect in the synthesis of mitochondrially
encoded proteins, which was restored by re-expression of
STAT3 in STAT3™/~ cells (Figure 3G). This deficit is specific to
the mitochondrial encoded proteins, as there is no change in

Cell Reports

the expression of the nuclear-encoded mitochondrial protein
voltage-dependent anion channel (VDAC). To ensure that the
STAT3-dependent modulation of mitochondrial translation was
dependent on the mitochondrial pool of STAT3, 35S pulse-label-
ing experiments were performed on a panel of HRasV12-trans-
formed mouse embryo fibroblasts (MEFs) that were STAT3*/*
or STAT3~/~ or that had been engineered to stably express an
exclusively mitochondrially localized STAT3 mutant (mitochond-
rially restricted STAT3 [MTS]).* Similar to the observation in A549
cells, there was a significant defect in mitochondrial translation in
the absence of STAT3 that was completely restored in MTS-
STAT3-expressing cells (Figure 3H).

The STAT3 DNA-binding domain contains the LRPPRC
interaction region

To define the region of STAT3 required for interaction with
LRPPRC, we designed a spotted peptide array that consists of
15 amino acid linear polypeptides tiling across the entire STAT3
sequence with 4 amino acid overlap with the previous linear poly-
peptide. Peptides were immobilized on cellulose membrane and
incubated with cell lysate from STAT3-deficient cells to avoid any
STAT3-STAT3 interactions confounding interpretation. Mem-
branes were washed and probed with an LRPPRC antibody to
determine the regions of STAT3 that interact with LRPPRC (Fig-
ure 4B). As a control, membranes were incubated in the presence
of lysate from SLIRP-deficient cells that, due to SLIRP loss, are
also deficient in LRPPRC protein (Figure 2E). Seven STAT3 pep-
tides consistently showed interaction with LRPPRC. In contrast,
no immunoreactivity was observed on control membranes.
These seven STAT3 peptides were found in the coiled-coil,
DNA-binding, linker, and SH2 domains (Figures 4A-4C). To
confirm the requirement of these STAT3 regions for the interac-
tion with LRPPRC, we generated STAT3 mutants with the dele-
tion of the identified 15 amino acid sequences that were stably
expressed in STAT3 ™/~ H1299 cells. IP revealed that the deletion
of amino acids 372-387 resulted in the loss of LRPPRC interac-
tion (Figure 4D). Amino acids 372-387 reside in the DNA-binding
domain of STAT3 but do not directly bind to DNA (Figure S8).
Therefore, to determine whether the deletion of this sequence al-
ters STAT3’s activity as a transcription factor, we treated STAT3
wild-type, STAT3™/~, and STAT34372-387 cells with IL-6 for 16 h
and measured the expression of the bona fide STAT3-target
genes SOCS, MYC, and BCL-XL by quantitative real-time PCR.
STATS deletion blocked the transcription of target genes as ex-
pected. In contast, IL-6-induced gene expression was observed
in STAT34372-387_gxpressing cells, albeit to a reduced magnitude
compared with wild-type STAT3-expressing cells. These data
suggest that this mutant retains transcriptional activity while
abolishing the interaction with LRPPRC.

(E) The indicated cell lines were treated with IL-6 for 16 h and the expression of indicated STAT3-target genes determined. Data are mean fold gene induction

relative to untreated for three independent experiments.

(F and G) A549 (F) or H1299 (G) lung adenocarcinoma cell lines with targeted deletion in STAT3, LRPPRC, or SLIRP or expression of the STAT3A%"2%7 mutant
was injected into the flank of NSG mice and tumor volume monitored over time (n = 8 per group).
(H) Box and whiskers with paired, directional dot plot of SLIRP-STAT3 complex to nuclei ratio in matched healthy and tumor tissue from patients with lung

adenocarcinoma (p < 0.0001, two-sided t test).

(I) Schematic overview of the proposed mechanism of mitochondrial STAT3 activity.

See related content in Figure S8.
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STATS3, LRPPRC, or SLIRP loss delays tumor growth
Aberrant STAT3 signaling is a potent driver of tumorigenesis,’
and the mitochondrial pool of STATS is required for transfor-
mation by RAS oncogenes.”® To determine whether loss of
the SLIRP-LRPPRC complex phenocopies the impact of
STAT3 loss on tumorigenesis, KRAS mutant human lung
adenocarcinoma (A549 and NCI-1299) cell lines with targeted
deficiencies in STAT3, SLIRP, or LRPPRC were generated
(Figures S4A and S4B) and transplanted into the flanks of
immunocompromised NOD.Cg-Prkdc®®  112rg™Wi//SzJ/Arc
(NSG) mice. As expected, the loss of STAT3 significantly de-
layed tumor growth (Figures 4E and 4F). The delay in tumor
growth was phenocopied by the loss of SLIRP expression
(Figures 4F and 4G), and the partial depletion of LRPPRC re-
sulted in significantly delayed tumor growth (Figure 4G). How-
ever, it remained possible that altered tumorigenesis was due
to a STAT3-, LRPPRC-, or SLIRP-dependent mechanism that
was independent of their interaction. Therefore, we injected
H1299-STAT34372387 mutant cells into the flanks of NSG
mice and observed a significant delay in tumor growth, which
was greater than that observed in STAT3™'~ and LRPPRC*/~
H1299 cells, confirming the significance of this complex in vivo
(Figure 4G). To determine whether the abundance of the
STAT3-LRPPRC-SLIRP complex is elevated in patients with
lung cancer, we performed PLA on tissue microarrays of
early-stage resected lung adenocarcinoma specimens con-
taining tumor and matched healthy tissue cores.>* A signifi-
cant increase in the abundance of this complex in tumor
compared with matched healthy sections was observed
(Figures 4H and S9A). Analysis of complex abundance in pa-
tients harboring KRAS or EGFR mutations revealed that while
there is a significant increase in this complex in tumor
compared with healthy tissue, there is no significant difference
correlated to oncogenic mutation (Figure S9B), suggesting
that the impact on tumor growth by targeting this complex
will not be restricted to KRAS mutant patients.

DISCUSSION

Metabolic adaptation has been extensively described in can-
cer®® and is emerging as a key regulator of immune function.*®
However, metabolic adaptation is not restricted to diseased
cells. Rather, it is a requirement for any cell that needs to sacri-
fice efficient ATP production for the biomolecules required for
proliferation. The discovery of a mitochondrial pool of STAT3
opened a non-canonical aspect of STAT3 biology, enabling
direct metabolic control independent from a requirement on its
nuclear transcription factor activity. Indeed, mitochondrial
STAT3 has been reported in both healthy and diseased tissue,*’
but the most pronounced metabolic impacts have been reported
in cancer” and immunity."*

The mechanism of mitochondrial STAT3 activity has been pro-
posed to be dictated by a direct interaction with complex | of the
ETC® and with the mPTP'"; however, this is hard to reconcile
with the relative deficit of STAT3 compared with ETC and
mPTP proteins.'? Nonetheless, we hypothesized that the mito-
chondrial activity of STAT3 would be dictated by protein-
STAT3 interaction in a complex enabling a feedforward loop.
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This report describes one such mechanism—the interaction be-
tween STAT3, LRPPRC, and SLIRP. The LRPPRC-SLIRP com-
plex regulates mtRNA polyadenylation, stability, and delivery to
the mitochondrial ribosome. In the absence of STAT3 mature
mtRNA stability, ribosome transport and translation are compro-
mised. Each mitochondrially encoded mRNA is essential for the
formation of the ETC. Therefore, any deficit in expression, stabil-
ity, or translation, such as that driven by loss of STAT3, LRPPRC,
or SLIRP, leads to inefficient oxidative phosphorylation. This
magnifies the impact of a limited pool of STAT3 in the mitochon-
dria (Figure 4l). We do not propose that STAT3, LRPPRC, and
SLIRP expression is equivalent in the mitochondria, rather that
STAT3 will interact with a proportion of the LRPPRC and
SLIRP found in the mitochondria. Indeed, the magnitude of the
impact of STAT3 loss on the activities of the LRPPRC-SLIRP
complex is less dramatic than that observed following the loss
of LRPPRC or SLIRP.?5® However, this substoichiometric rela-
tionship is biologically significant with respect to both mitochon-
drial RNA stability and translation and in the context of tumor
formation.

STATS3 is an attractive therapeutic target in oncology. How-
ever, results from clinical trials of STAT3 inhibitors have been
underwhelming.®® These agents that target the nuclear activity
of STAT3 are further confounded by the essentiality of STAT3
transcriptional potency for healthy biological function. While
the mitochondrial activity of STAT3 is important in healthy tis-
sue, the most dramatic impact of this facet of STAT3 biology
is in tumorigenesis.®® Our finding that the abundance of the
STAT3-LRPPRC-SLIRP complex is significantly increased in
lung tumor tissue compared with that observed in matched
healthy tissue suggests that specifically targeting the mitochon-
drial activity of STAT3 will be an effective therapeutic approach
while preserving the nuclear activity of STAT3 essential for
healthy tissue.

Limitations of the study

Mitochondrial STAT3 represents a minor pool of total cellular
STAT3. Therefore, the ability of a relatively small amount of
STATS to influence more abundant mitochondrial protein com-
plexes is likely to require a feedforward mechanism. The interac-
tion of STAT3 with the LRPPRC-SLIRP complex, which is
required for the stability and ribosomal translocation of mito-
chondrially encoded mRNA species, provides a plausible feed-
forward mechanism. However, the mitochondrial abundance of
LRPPRC and SLIRP is greater than that of STAT3. Therefore,
only a proportion of the LRPPRC-SLIRP heterotetrameric com-
plexes will include STATS. It is possible that STAT3 interacts
with the LRPPRC-SLIRP complex in specific submitochondrial
locations. Our data showing that the largest number of mito-
chondrial STAT3-interacting proteins are components of the
mitochondrial ribosome are consistent with this hypothesis;
however, this remains to be proven. We identify amino acids
372-387 of STAT3 as the LRPPRC-binding site. This resides in
the DNA-binding domain of STAT3, and while we show tran-
scriptional competency, additional work is required to under-
stand whether this mutation alters STAT3 DNA-binding capacity
and what the impact is on the entire STAT3-mediated
transcriptome.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit polyclonal anti-LRPPRC Abcam 205022

Mouse monoclonal anti-STAT3

Rabbit polyclonal anti-SLIRP

Rabbit polyclonal anti-VDAC

Rabbit polyclonal anti-MRPL37

Rabbit polyclonal anti-MRPS35

Rabbit monoclonal anti-BiP (C50B12)
Mouse monoclonal anti-Lamin A/C (4C11)

Cell Signaling Technology
Abcam

Cell Signaling Techology
Proteintech

Proteintech

Cell Signaling Techology
Cell Signaling Techology

9139; RRID:AB_331757

51523; RRID:AB_2066704
4661; RRID:AB_10557420
15190-1-AP; RRID:AB_2146040
16457-1-AP; RRID:AB_2146521
3177; RRID:AB_2119845

4777; RRID:AB_10545756

Mouse monoclonal anti-FLAG (M2) Merck F1804; RRID:AB_262044

Donkey anti-mouse IRDye 680LT LiCOR 926-68022

Donkey anti-rabbit IRDye 800CW LiCOR 926-32213

Bacterial and virus strains

E. Coli strain Top10 Thermo Fisher C404010

E. Coli strain Stbl3 Thermo Fisher C737303

Biological samples

Human LUAD patient samples and W.A Cooper and M.R.J Kohonen-Corish  Cooper et al.**

adjacent normal tissue

Chemicals, peptides, and recombinant proteins

Celluspot cellulose array Intavis 93.010

Dynabeads Protein A Thermo Fisher 10001D

Anti-FLAG M2 magnetic beads Merck M8823

Strep-Tactin XT Sepharose resin Merck GE29401324

Dynabeads® MyOne Streptavidin T1 Thermo Fisher 65602

Critical commercial assays

Transcriptor High Fidelity cDNA systhesis kit Merck 5091284001

Click-iT Nascent RNA Capture Kit Thermo Fisher C10365

Expre35S35S Protein Labeling Mix Perkin Elmer NEG072002MC

MitoStress Test Kit Agilent 103010-100

Duolink® In Situ Green Kit (Mouse/Rabbit) Merck DUO92014

Deposited data

Mass spectrometry data This paper ProteomeXchange accession: PXD044281

mPAT Sequencing data This paper FigShare
https://doi.org/10.26180/23849112

Experimental models: Cell lines

A549 ATCC CCL-185

MKN-28 JCRB JCRB0253

NCI-H1299 ATCC CRL-5803

Lenti-X 293T Takara 632180

HRasV12 transformed MEFs Gough et al.* N/A

Experimental models: Organisms/strains

NOD.Cg-Prkdcs° l12rg'™™Y/SzJ/Arc mice Animal Resources Center, N/A

Canning Vale, Australia
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides

STAT3 sgRNA1: ACTGCTGGTCAATCTCTCCC Merck N/A

STAT3 sgRNA2: AGATTGCCCGGATTGTGGCC Merck N/A
LRPPRC sgRNA1: TTGGCAAAAGCCTTAATGAAGG Merck N/A
LRPPRC sgRNA2: AATGGCATACAGCCTGGCTGGG  Merck N/A

SLIRP sgRNA1: GTAAAATGCACCTTCTGACA Merck N/A

SLIRP sgRNA2: GAGAAGAATTCCTTGGACTG Merck N/A
qRT-PCR and mPAT primer sequences are listed in N/A

Tables S2 and S3 respectively

Software and algorithms

GraphPad Prism V10 GraphPad https://www.graphpad.com/features

Fiji V1.0 NIH https://Imaged.net/software/fiji/downloads
Cytoscape plugin ClueGO Shannon et al. and Bindea et al.*'® https://cytoscape.org

PyMOL Molecular Graphics System, Version 2.4 Schrédinger https://pymol.org/2/

Proteome Discoverer V2.1 Thermo Fisher OPTON-31099

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Daniel
Gough (Daniel.gough@hudson.org.au).

Materials availability
All unique reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability
Proteomics data have been deposited at the ProteomeXchange, mPAT-sequencing data are publicly available at FigShare as of the
date of publication. Accession numbers are listed in the key resources table. Any additional information required to reanalyze the data
reported in this paper is available from the lead contact upon request.

This paper does not report original code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
Human cancer cell lines A549, MKN-28 and NCI-H1299 were purchased from the American Type Culture Collection or the Japanese
Collection of Research Bioresources Cell Bank and maintained in Advanced Roswell Park Memorial Institute (RPMI) 1640 media
(Gibco) supplemented with 1% fetal calf serum (FCS; Bovogen) and 2mM L-Glutamine (Gibco). Cell line identification was authen-
ticated by short tandem repeat profiling (PowerPlex HS16 System KIT, Promega) prior to study commencement, and cells were
passaged during experiments for under 3 months at a time between freeze/thaw cycles. Lenti-X 293T cells (Takara) and HRasV12
transformed MEFs* were cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% FCS, 1mM sodium pyruvate
(Gibco) and 2mM L-glutamine. Cells were routinely tested for mycoplasma contamination (MycoAlert PLUS Mycoplasma Detection
Kit, Lonza). Cells were cultured at 37°C supplemented with 5% CO, in a humidified chamber.

The A549 RhoO cell line was generated by continuous culture in advanced RPMI supplemented with 1% fetal bovine serum (FBS;
Bovogen) and 2mM L-Glutamine (Gibco), Ethidium bromide (50 ng/mL), pyruvate (1 mM) and uridine (50 png/mL) until cells lacked any
electron transport chain activity as measured by Seahorse assay.

Mouse xenograft models

All animals were housed under specific pathogen—free (SPF) conditions, and experiments were approved by the Monash Medical
Center “A” Animal Ethics Committee (ethics number MMCA/2017/01). For xenograft studies, cells were collected from sub-confluent
cell culture plates, washed twice with PBS and resuspended in 50% (v/v) PBS diluted Matrigel (Corning). 1x10° cells were subcu-
taneously injected into the right back flank of 6-8 week old, male and female, NOD.Cg-Prkdc® [12rg™"i//SzJ/Arc (NSG) mice (An-
imal Resources Center, Canning Vale, Australia), and tumor size was measured three times per week using electronic calipers and
tumor volume calculated using the formula (W?xL)/2 = Vmm?®).
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METHOD DETAILS

Stable cell line generation
Self-complementary oligonucleotides (Sigma-Aldrich) used as single-guided (sg)RNA sequences targeting human STAT3, LRPPRC
or SLIRP were ligated into the LentiCRISPRv2 construct (Addgene plasmid#52961). sgRNA sequences are listed in the key resources
table. Lentivirus was produced by transfecting vectors into Lenti-X/H293T (Clonetech) cells with LentiCRISPR:psPAX2:pMD2.G at a
ratio of 4:3:1. Virus was harvested 48 h after transfection, filtered, and used to infect cell cultures containing 5 ug/mL polybrene. In-
fected cells were selected with puromycin, and cells infected with nontarget control sgRNA vector were used as negative controls.
STAT3 or mitochondrially restricted STAT3 (MTS)* cDNA was PCR amplified and cloned into the Nhel and Xhol sites of pPCDNA3.1-
NSFII (gift from Michele Pagano, NYU) fusing STAT3 cDNA with Streptactin and FLAG tags. Tagged STAT3 cDNA was subcloned into
the lentiviral pLVX-IRES-mCherry vector (Clonetech). To clone putative STAT3-LRPPRC binding mutants, gene block DNA was or-
dered from Integrated DNA Technologies with each 15 amino acid regions deleted and cloned into the pLVX-IRES-mCherry vector
containing a wild-type STAT3 cDNA using Gibson Cloning (New England Biolabs). Sequences of each clone was verified by sanger
sequencing (MicroMon). STAT3 reconstituted cells were generated by transducing STAT3 ™/~ cells with virus generated as above.
After viral transduction cells were sorted and titrated for mCherry by flow cytometry to ensure equivalent STAT3 expression levels,
and to select for cell populations that approximated the endogenous expression of STAT3 in the parental cell line. pLVX EV (empty
vector) denotes the parental vector used as controls. All vectors were sequenced for validation. Cloning primers are available upon
request.

Screening of cellulose-bound peptide Scans for STAT3-LRPPRC interaction site

15 amino acid peptides tiling the full length of wild-type STAT3 and overlapping by 4 amino acids were designed. Peptides were syn-
thesized and C-terminally linked to a cellulose membrane (Intavis, part number 93.010). Dry membranes were incubated in odyssey
blocking buffer (Li-COR) for 1 h at room temperature. Cell lysates from STAT3™/~ or SLIRP™~ H1299 cells were diluted to 1mg in
500uL and added to blocked peptide array. Arrays were incubated in cell lysate for 4 h at 4°C, washed 3 times in TBS+1%Tween
20, and primary antibody added (Rabbit anti-LRPPRC, abcam #ab205022) at a 1:1000 dilution overnight at 4°C. Arrays were washed
3 times in TBS+1%Tween 20 and incubated in IRDye fluorescent secondary antibodies (1:10,000 dilution) and imaged using an Od-
yssey CLx imaging system (LI-COR Biosciences). The grid function in the analysis package was used for densitometry and biding
intensity of each spot determined, background subtraction performed, and data presented as the mean intensity +/— SD for three
independent experiments.

Mitochondrial, nuclear, cytoplasmic and mitochondrial ribosomal isolation
Mitochondrial, nuclear and S100 cytoplasmic fractions were isolated as described previously.*

Mitochondrial ribosomes were isolated as previously described*® with minor modifications. Mitochondria were resuspended in
1 mL of Tris-magnesium-potassium buffer (10 mM Tris-HCI; pH 7.4, 10 mM magnesium acetate, 100 mM Potassium chloride)
and lysed by addition of 100 puL of 10% Triton X-100 on ice for 20 min. Lysed mitochondria were centrifuged at 17,000g for
10 min. Mitochondrial supernatant was layered on top of 10 mL of sucrose cushion buffer (34% w/v sucrose in Tris-magnesium-po-
tassium buffer with 1% Triton X-100) and subjected to centrifugation at 105,000g for 14 h at 4°C using a V100X Preparative Ultra-
centrifuge, VWR (Beckman-Coulter, Life Sciences) equipped with P40ST swinging bucket rotor. The supernatant was removed leav-
ing the pelleted 55S ribosome for subsequent analysis.

Protein immunoprecipitation and expression analyses

Isolated mitochondria (2 mg) lysed in whole cell lysis buffer (50 mM Tris-HCI; pH 7.4, 150 mM Sodium chloride, 1 mM EGTA, 0.5%
Triton X-100) supplemented with protease inhibitor cocktail (EDTA-free, Thermo Scientific, #78415) and DTT (1mM) were pre-cleared
with Dynabeads Protein A (Life Technologies, 10001D) at 4°C for 15 min. A sample of pre-cleared supernatant was retained as the
input sample and specific antibody against bait protein (1-10 pg) added to remaining sample and incubated at 4°C with rotation. Pro-
tein complexes were collected on Dynabeads Protein A (15 pL) and washed three times with whole cell lysis buffer. Protein was eluted
in SDS loading buffer and boiled for 5 min before resolution by SDS-PAGE. Protein expression was analyzed by Western blot. The
following antibodies were used: STAT3 Mouse Monoclonal (Cell Signaling Technology, #9139S (124 H6)), LRPPRC Rabbit Polyclonal
(Abcam, #ab205022), SLIRP Rabbit Polyclonal (Abcam, #ab51523), VDAC Rabbit Monoclonal (Cell Signaling Technology, #4661S),
MRPL37 Rabbit Polyclonal (Proteintech, #15190-1-AP), MRPS35 Rabbit Polyclonal (Proteintech, #16457-1-AP), BiP, LaminA/C. Im-
ages of membranes were obtained using IRDye fluorescent secondary antibodies and an Odyssey CLx imaging system (LI-COR
Biosciences).

Proteomics and chromatography

Following immunoprecipitation protein-bead complexes were washed 5 times with wash buffer (Tris-HCI (50 mM, pH 7.4), NaCl
(150 mM), EGTA (1 mM) and Triton X-100 (0.5%), followed by 3 washes in 50mM triethylammonium bicarbonate buffer (TEAB; Sigma
Aldrich). Protein-bead complexes were digested overnight in 30uL of 50mM TEAB containing 300ng of sequencing grade trypsin
(ThermoFisher), TmM Tris(2-carboxyethyl)phosphine (TCEP) (ThermoFisher) and 1mM TFA at 37°C.
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Digested peptides were exsiccated and prior to analysis reconstituted in loading buffer (0.1% formic acid/2% acetonitrile/water).
4-6 pl aliquots of peptide mixture was analyzed by nano-LC-MS/MS. LC-MS/MS was performed using a Fusion Lumos Orbitrap
mass spectrometer (Thermo Fisher, USA) in positive-ionization mode, with the spray voltage set at 1.9 kV and the ion transfer capil-
lary temperature at 275°C. Tryptic peptides were injected into an enrichment column (DinoexC18,100 A, 75um X 2cm) at an isocratic
flow of 5 ul/min of 2% v/v acetonitrile containing 0.1% v/v formic acid for 6min, before the enrichment column was switched in-line
with the analytical column (Dinoex-C18, 100A, 75um x 50cm). The eluents were 0.1% v/v formic acid (solvent A) in water and 100%
v/v acetonitrile in 0.1% v/v formic acid (solvent B). The flow gradient was (i) 0-6 min at 3% B; (ji) 6-35min, 3—22% B; (i) 35-40min, 22—
40% B; (iv) 45-50min, 40-80% B; (v) 50- 55min, 80-80% B; (vi) 55-56min 85-3% and equilibrated at 3% B for 10min before injecting
the next sample. Full MS1 spectra were acquired in a positive mode at 120,000 resolution at m/z 200, with an AGC target of 5e5. The
“top speed” acquisition mode (cycle time: 3sec) on the most intense precursor ion was used, whereby ions with charge states of 2-5
were isolated using an isolation window of 1.2m/z and fragmented with using HCD with a stepped collision energy of 30 + 5%. Frag-
ment ion spectra were acquired in Orbitrap at 15,000 resolution at m/z 200. Dynamic exclusion was 30sec.

Data were analyzed using Proteome Discoverer (Thermo Scientific version 2.1) with the Mascot search engine against the
SWISSPROT Mus Musculus and Homo Sapiens databases (build June 2015). Search parameters were set at precursor mass toler-
ance of 20 ppm and fragment mass tolerance of 0.5 Da. Trypsin with a maximum of two missed cleavages was used as the cleavage
enzyme, and oxidized methionine was included as variable modification.

RNA isolation and gene expression analyses
Total RNA was isolated from cell lines, isolated mitochondria or mitochondrial ribosomal fractions using TRIzol or TRIzol LS solution
for liquid samples (Invitrogen), followed by DNase treatment (Qiagen). RNA was transcribed using the Transcriptor High Fidelity cDNA
Synthesis Kit (Roche) and random hexamers or poly(d-T) primers as indicated. Quantitative real-time PCR (qPCR) was performed
using the QuantStudio6 RT-PCR System. Primer sequences for the following genes are detailed in Table S2:

MT-ND1, MT-ND6, MT-ND4L, MT-ND4, MT-COX1, MT-COX2, MT-COX3, MT-ATP6, MT-CYTB, MT-RNR1, MT-RNR2, MT-COX3/
ND3 Junction, B2M and ACTB.

Mitochondrial DNA (mtDNA) copy number

Genomic DNA was isolated from cell pellets using the ISOLATE Il Genomic DNA Kit (Bioline), and further subjected to RNAse A treat-
ment (Qiagen). gPCR was performed on a QuantStudio6 RT-PCR System (Thermo-Fischer) using power-SYBR green master mix
(Thermo-Fischer). Three pairs of primers - two specific for mitochondrial genome MT-COX17 and MT-RNR2 and another pair specific
for the nuclear genome (B2M) - were designed for the quantification of mtDNA copy number. The ratio of mtDNA copy number to the
amount of nuclear DNA was calculated based on previously described methodology.*’

Mitochondrial RNA Ethynyl Uridine labeling

Three EU labeling protocols were performed all using the Click-iT Nascent RNA Capture Kit, Molecular Probes by Life Technologies
(#C10365) following manufacturer’s protocols for RNA biotinylation, capture and precipitation. Specific EU labeling protocols follow:
Pulse labeling to determine mitochondrial transcription kinetics

Mitochondria were isolated from A549 STAT3 wild-type and knockout cell lines and 1 mg of intact mitochondria were resuspended in
1 mL of transcription buffer (50 mM Tris; pH 7.4, 25 mM Sucrose, 75 mM Sorbitol, 100 mM Potassium chloride, 10 mM Dipotassium
hydrogen phosphate, 50 uM EDTA, 5 mM Magnesium chloride, 10 mM Glutamate 10 mM, 2.5 mM Diethyl malate, 1 mg/mL Bovine
serum albumin, 1 mM ADP) supplemented with 0.5 mM final concentration of EU (Component A, Click-iT Nascent RNA Capture Kit,
Molecular Probes by Life Technologies, #C10365) for 1 h at 37°C. Mitochondria were collected by centrifugation (10,000g, 5 min at
4°C) and RNA isolated using Trizol (Invitrogen, Catalog numbers 15596026 and 15596018) according to manufacturer’s instructions.
1 ug of RNA was biotinylated using the Click-iT Nascent RNA Capture Kit (Molecular Probes by Life Technologies), captured on Dy-
nabeads MyOne Streptavidin T1 beads and used as a template for cDNA synthesis with Random Hexamer primers and quantitative
Real-Time PCR performed as described above. Relative fold change was expressed relative to that observed in STAT3** cells in at
least three independent experiments. Ethynyl Uridine (EU) labeling of cells to determine mitochondrial RNA stability. A549
STAT3 wild-type and knockout cells were grown in 6-well plates to 70% confluency and pulsed with EU (0.5 mM final concentration)
for 6 h. Cells were washed in media 3 times and incubated in fresh media for 16 h at 37°C and 5% CO.,. Cells were washed, RNA
extracted, biotinylated, captured, reverse transcribed and subjected to quantitative real-time PCR as described previously. The
expression of each gene was normalized against the nuclear encoded house-keeping gene ACTB and expressed as the relative
fold change of each mitochondrial gene in STAT3*/* with respect to STAT3 ™~ as determined by AACt method in at least three in-
dependent experiments.

Ethynyl Uridine (EU) labeling of RNA in mitochondrial ribosomes

Mitochondria were isolated, quantified and 1mg labeled with EU as described above. Mitochondrial ribosomes were isolated as
described above and the RNA in the ribosomal pellet was extracted using Trizol reagent (Invitrogen, Catalog numbers 15596026
and 15596018). RNA quantitation, biotynlation, reverse transcription and quantitation by gqRT-PCR as described above. Relative
fold change was expressed as the ratio of the absolute quantities of gene of interest between STAT3** and STAT3 ™~ in at least three
independent experiments.
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Mitochondrial polypeptide 3°S labeling

Cells were cultured to ~80% confluence, washed twice and then incubated in pre-warmed Methionine and Cysteine free RPMI at
37°C for 30 min. Emetine was added to a final concentration of 100 pg/mL to block cytoplasmic ribosomes and dialyzed FBS to a
final concentration of 10% and cells were incubated at 37°C for 10 min 3°S labeled Methionine and Cysteine was added
(0.05mCi, NEG072002MC PerkinElmer) and incubated at 37°C for 2 h. Cells were washed and lysed in 150mM NaCl, 50mM Tris
(pH 7.4), 1ImM EDTA, 0.5% Triton X-100, protease inhibitor cocktail (Sigma Aldrich), 1ImM NaF, 1mM B-glycerophosphate, 1mM
NazVO,4 and 1TmM DTT and quantified. Equivalent protein was added to Laemmle loading dye and incubated at room temperature
for 30 min prior to vortexing for 1 min and resolving through 4-12.5% SDS-PAGE. Gels were fixed in 30% Methanol, 10% acetic
acid and 60% ddH,O overnight and dehydrated in 50% ethanol, 50% ddH,O for 30 min before drying at 80°C for 2 h on vacuum
gel dryer. Gels were expose to phosphor-screen for a minimum of 3 days before imaging on a typhpoon multimode imaging system.

Seahorse assay

Cells were plated at 10* cells/well on an XFp plate (Agilent) in advanced RPMI supplemented with 1%FCS, glutamine and non-essen-
tial amino acids. A utility plate containing the injector ports and probes was filled with calibrant solution (200 pL/well) and placed in a
CO2-free incubator at 37°C overnight. On the day of experiment, cells were washed twice in seahorse RPMI media and replaced with
XF assay media pH 7.4 supplemented with 10mM glucose, 1 mM pyruvate and 2 mM glutamine (Sigma). The cell culture plate was
placed in a CO2-free incubator for 60 min. Oligomycin (ATPase inhibitor, 1 uM), FCCP (1.5 uM) and Rotenone/Antimycin A (1 uM each)
were added to the appropriate ports of the utility plate and a standard MitoStress test protocol used according to manufacturer’s
protocols.

Multiplexed Poly(A)-Test RNA-sequencing

Mitochondrial mRNA poly(A) tail lengths were determined as previously published.*® adenylated 3’ termini were extended with Kle-
now fragment of DNA polymerase 1 in the presence of an oligo dT-anchor-oligo and reverse transcribed using a primer annealed to
the anchor sequence. The cDNA of genes of interest was PCR amplified in a nested PCR reaction with first gene specific primers,
then lllumina compatible bridging primers, for next generation sequencing on an llumina MiSeq platform. Gene specific primer se-
quences are detailed in Table S3.

Proximity ligation assay

For PLA on cell culture cells were seeded on coverslips in 24 well plates and incubated with mitotracker Red (ThermoFischer, M7512)
at a final concentration of 100nM for 30 min. Cells were washed in PBS and fixed in 4% formaldehyde/PBS and permeabilized with
100% ice-cold methanol. PLA was carried out using the Duolink In Situ Green Kit (Mouse/Rabbit) (Sigma; DU092014). Antibody com-
binations included STAT3 (Cell Signaling Technology; 9139) with either LRPPRC (Abcam; ab97505) or SLIRP (Abcam; ab51523).
STAT3-deficient cells were employed to determine the background of the assay. Images were acquired on a Nikon C1 confocal mi-
croscope. For PLA on tissue microarrays sections were dewaxed, rehydrated, then boiled in a pressure cooker for 20 min in 0.01M
citrate buffer (pH 6.0) for antigen retrieval, blocking, antibody incubation and PLA reaction were performed as for cultured cells with
the addition autofluorescence quenching using the TrueView Autofluorescence Quenching Kit (Vector Laboratories). Slides were
scanned on a VS.120 fluorescent slide scanner (Olympus). Analysis and quantification were performed using FiJi software.*”

QUANTIFICATION AND STATISTICAL ANALYSIS
All statistical analyses were performed using GraphPad Prism V7.0 software or R package. All experiments were performed with a
minimum of three independent biological replicates. Statistical significance (p < 0.05) between the means of two groups was deter-

mined using Student t-tests or Mann-Whitney U tests, and for matched datasets involved Wilcoxon signed-rank tests. Statistical
comparisons of the means of multiple groups were determined using one-way ANOVA.
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