Phenotypic drug screen uncovers the metabolic GCH1/BH4
pathway as key regulator of EGFR/KRAS-mediated neuropathic
pain and lung cancer
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Abstract

Increased tetrahydrobiopterin (BH4) generated in injured sensory neurons contributes to increased
pain sensitivity and its persistence. GTP cyclohydrolase 1 (GCHL1) is the rate-limiting enzyme in the
de novo BH4 synthetic pathway, and human single-nucleotide polymorphism studies, together with
mouse genetic modeling, have demonstrated that decreased GCH1 leads to both reduced BH4 and
pain. However, little is known about the regulation of Gchl expression upon nerve injury

and whether this could be modulated as an analgesic therapeutic intervention. We performed a
phenotypic screen using about 1000 bioactive compounds, many of which are target-annotated
FDA-approved drugs, for their effect on regulating Gehl expression in rodent injured dorsal root
ganglion neurons. From this approach, we uncovered relevant pathways that regulate Gchl
expression in sensory neurons. We report that EGFR/KRAS signaling triggers increased Gchl
expression and contributes to neuropathic pain; conversely, inhibiting EGFR suppressed GCH1

and BH4 and exerted analgesic effects, suggesting a molecular link between EGFR/KRAS and

pain perception. We also show that GCH1/BH4 acts downstream of KRAS to drive lung cancer,
identifying a potentially druggable pathway. Our screen shows that pharmacologic modulation of
GCH1 expression and BH4 could be used to develop pharmacological treatments to alleviate pain and
identified a critical role for EGFR-regulated GCH1/BH4 expression in neuropathic pain and cancer in
rodents.



A shared target between cancer and pain

Neuropathic pain is a chronic condition for which effective safe treatments are lacking.
Polymorphisms in the GTP cyclohydrolase 1 (GCH1) gene have been associated with chronic pain
severity; and modulation of the GCH1/BH4 pathway has been shown to affect neuropathic pain.
Here, Cronin et al. screened over a thousand annotated and FDA-approved compounds

and showed that the antipsychotic fluphenazine hydrochloride reduced GCH1 expression and had
analgesic effects in a neuropathic pain model in rodents. Among the hits, EGFR/KRAS pathway
modulators also affected GCH1 expression, and the authors identified a common signaling,
downstream KRAS, involving GCH1, that affects chronic pain and lung cancer development in mice.
The results suggest that targeting this signaling could alleviate neuropathic pain.

INTRODUCTION

Treatment of chronic pain has been notoriously challenging. The current strategy is mostly one of “trial
and error” of the various currently available analgesics, because many patients do not respond to a
particular treatment. Analgesics such as nonsteroidal anti-inflammatory drugs (NSAIDs), selective
serotonin reuptake inhibitors, and anti-convulsant drugs such as gabapentin have shown limited efficacy in
the treatment of various forms of chronic pain and carry with them considerable side effects (1-4). For
example, long-term use of NSAIDs that target cyclooxygenase-2 (COX-2) can lead to gastrointestinal
bleedings and cardiovascular complications (5). This has forced many clinicians to prescribe stronger pain
killers such as opioids, which in themselves host a magnitude of side effects from nausea and vomiting to
constipation, sedation, and dependence. Moreover, because of opioid-induced mu receptor down-
regulation, higher doses are needed to elicit the desired antinociceptive effects, and this, combined with
the dangerously addictive nature of these drugs, has culminated in an “opioid epidemic” leading to
substantial loss of lives as well as familial and societal crises in certain regions (6, 7). Therefore, the
underlying mechanisms of chronic pain need to

be thoroughly investigated and more effective and safer targets identified to find the next generation of
analgesics.

Tetrahydrobiopterin, BH4, is a cofactor molecule essential for the function of several enzymes with
critical physiologic and metabolic functions, including the three nitric oxide synthases (neuronal,
inducible, and endothelial), alkylglycerol monooxygenase, and aromatic amino acid hydroxylases
(phenylalanine, tryptophan, and tyrosine hydroxylases)

(8). Through these enzymes, BH4 is required for nitric oxide production, metabolism of ether lipids,
phenylalanine catabolism, and synthesis of the neurotransmitters, noradrenaline, adrenaline, serotonin, and
dopamine (8). BH4 can be generated through three distinct pathways—de novo, salvage, and recycling
pathways—of which de novo is the main route for synthesis. Guanosine triphosphate (GTP)
cyclohydrolase 1 (GCH1) is the first and

rate-limiting enzyme of de novo—dependent BH4 production. We previously identified a positive
correlation between GCH1/BH4 concentrations and neuropathic pain (9). A plethora of reports have
confirmed the association of single-nucleotide polymorphisms in the GCH1 locus with chronic pain
severity in humans (10-17). Some reports found no link between the amount of BH4 and pain sensitivity,
suggesting that the type and intensity of chronic pain as well as ethnicity may play a role in this
association (18, 19). However, genetically modified mice support a role for BH4 in neuropathic and
inflammatory pain models; increased BH4 results in reduced pain thresholds, whereas reduced BH4
ameliorates pain hypersensitivity (9, 20-25). Therefore, targeting BH4 synthesis represents an attractive
strategy for treating certain chronic pain conditions.

Here, we screened 1000 target-annotated and U.S. Food and Drug Administration (FDA)— approved drugs



for regulating expression of GCHL1 in injured mouse primary sensory neurons and identified and
characterized several hits that reduce or enhance GCH1. We identified epidermal growth factor receptor
(EGFR) and Kirsten ras sarcoma virus (KRAS) signaling as a strong trigger of GCH1/BH4 expression.
Genetic induction of constitutively active KRAS in sensory neurons, in consequence, enhanced pain.
Moreover, we showed that GCH1/BH4 constitutes a downstream pathway of mutant Kras-driven lung
cancer in rodents.

RESULTS

PKC activation drives Gch1 expression in injured sensory neurons

Upon peripheral nerve injury, Gehl, the rate-limiting enzyme of BH4 de novo synthesis, is induced in
injured sensory neurons in the dorsal root ganglion (DRG), and this drives an increase in BH4, which

in turn contributes to neuropathic pain hypersensitivity (9, 24). We therefore sought to screen for
compounds that can reduce this injury-dependent

up-regulation of Gchl. Nerve injury can be modeled in vitro by culturing axotomized DRG cells from
naive Gchl-green fluorescent protein (GFP) transgenic reporter mice (24, 26) in which induction of Gechl
expression can be monitored through GFP expression and intensity

(Fig. 1, A and B, and fig. S1, A and B) (24), and we show here that a subset of axotomized DRG cells
strongly expresses Gch1-GFP (referred to as GFPH) (Fig. 1, A and B). We characterized these GFPH!
DRG cells as predominantly NeuN™, TrpV1-expressing, and IB4- binding neurons; to a lesser extent, a
small proportion were also myelinated as determined by NF200 staining and express the neuropeptide
CGREP (fig. S2). We used this approach to screen primary cultured DRG neurons isolated from naive,
Gch1-GFP transgenic reporter mice (24). GFP is strongly induced upon 3 days of culturing axotomized
DRG neurons, which mimics the elevation in endogenous GCH1 expression (Fig. 1, B and C). Using this
Gchl1-GFP reporter system, we set up a primary culture platform in which ~1000 DRG neurons were
added to each well of 384-well plates (day 0). On day 1, compounds at various concentrations were added,
and on day 3, propidium iodide (P1) was included to identify dead cells. Each well was subdivided into 15
sections, and confocal images of neurons were taken in each section on day 3 (Fig. 1D and fig. S3).

We first identified positive and negative control compounds. Very little is known about upstream factors
regulating Gehl in injured DRG neurons; however, we recently uncovered a role of protein kinase C
(PKC) activation in the induction of Gch1 expression upon

T cell activation (26). Pharmacological activation of PKC using phorbol 12-myristate 13- acetate (PMA)
increased the number of GFPH! DRG neurons, whereas inhibition of PKC using the specific PKC
inhibitor GO6796 greatly reduced the number of GFPH! neurons (Fig. 1E). These data were corroborated
using reverse transcription quantitative polymerase chain reaction (RT-qPCR), in which the effect of these
compounds on Gchl mRNA was assessed (Fig. 1F). Next, we investigated the effects of control dimethyl
sulfoxide (DMSO) and GO6796 on Gch1l-GFP expression kinetics of individual neurons over 7 days (Fig.
1G). GO6796 strongly reduced the kinetics of Gech1-GFP expression by day 3, and by day 7, the

intensity of GFP was comparable to that of baseline (Fig. 1G). Conversely,

PMA increased GFP protein, as well as endogenous GCH1 expression in injured DRG neurons in vivo
from Gch1-GFP reporter animals (Fig. 1H). Using these positive (PMA) and negative (GO6796)
compounds, as well as vehicle (DMSO)-treated controls, we established screening parameters and
readouts. Our principal readout was the percentage of GFP high- expressing (GFPH!) DRG neurons among
the total number of identified neurons in each well (% GFPH! cells/total neurons per well) (Fig. 11). In
addition, we assessed total numbers

of GFPH! neurons, as well as the mean GFP intensity, per well (Fig. 1, J and K). Each

well was stained with Pl to identify dead neurons to limit false-positive hits, in which a given compound
might have induced cytotoxicity (Fig. 1L). Using this setup, we screened 1116 annotated compounds,



primarily targeting kinases and signal transduction molecules, as well as ion channels, G protein—coupled
receptors (GPCRs), and epigenetic modifiers (Fig. 2A and table S1). For the primary screen, two doses
were chosen for each library compound within each experimental 384-well plate setup (fig. S4 and table
S2). Vehicle (DMSO0), positive (PMA), and negative (GO6796) controls were included to ensure quality
control and limit plate-to-plate variations (Fig. 2B and fig. S4). Each well was also stained with PI before
image acquisitions to identify and exclude compound toxicity. We therefore successfully set up a
controlled screening platform to identify compounds that induce or reduce expression of Gchl in DRG
cultures from Gch1-GFP reporter mice.

Repurposed drug screen to identify regulators of GCH1 expression

Compounds that exhibited a decrease or increase (see Materials and Methods for statistical parameters), at
either dose, in the percentage of GFP-high neurons compared to DMSO- treated cells were selected for
retesting (tables S3 and S4). Dose responses were performed for each retested candidate, and those
compounds that again exhibited substantial differences from DMSO treatment were selected for further
analysis (Fig. 2, C to E, and tables S5 and S6). Next, the identified candidates were carried forward for
protein validation on 3-day cultured Gch1-GFP reporter DRG neurons where GFP expression was
quantified and ranked in terms of maximum effect (Fig. 2F and fig. S5A). Candidates that produced
considerate (>20%) GFP protein reduction were next tested on 3-day cultured DRG cells isolated from
wild-type mice and blotted for endogenous GCH1 protein (Fig. 2G, fig. S5B, and table

S7). Candidates that increased the percentage of GFP* neurons were also tested for GCH1

regulation in wild-type DRG neurons (Fig. 2H, fig. S6, and table S7).

Because our primary goal was to find blockers of BH4 production through a reduction

in GCH1, we focused our efforts on those compounds that decreased the amount of GFP/ GCH1. Some of
the hits identified have previously been characterized as compounds that reduce pain hypersensitivity such
as capsaicin, clonidine, and terfenadine (Fig. 2G) (27-33). Using the spared nerve injury (SNI) model of
neuropathic pain in mice, we were able to show that these compounds also reduced GCH1 expression in
injured DRG tissue in vivo (Fig. 2, | and J), indicating that their analgesic effects may in part be related to
lowering GCHL1 protein.

The antipsychotic fluphenazine decreases GCH1/BH4 and pain hypersensitivity

Next, we performed a computational STITCH (34) analysis of the validated hits (table S7) to map

protein and pathway targets (figs. S7 and S8). We first focused on those compounds that reduced
Gch1-GFP expression as well as GCH1 protein as representing the most promising leads for

analgesics. We detected nodes for cyclin-dependent kinases, PKC, and alpha-2A adrenergic receptors,

all of which have been associated with pain (35-37). One compound that substantially decreased

GCH1 was the FDA-approved drug

fluphenazine hydrochloride (Figs. 2F and 3A). Fluphenazine is an antipsychotic used to treat schizophrenia
(38). Its mechanism of action is not well elucidated but is proposed to reduce hallucinations and delusions
by targeting the dopamine D2 receptor on postsynaptic neurons in the basal ganglia; however, it also
regulates alpha-2A adrenergic signaling (39). Our data show that fluphenazine reduced GCH1 in the
sciatic nerve after SNI in vivo, validating the screen (Fig. 3, B to E). Furthermore, fluphenazine treatment
substantially reduced BH4 in injured sciatic nerve after SNI compared to vehicle-treated animals (Fig. 3F).

We did not detect any effect of the drug on body weight or any other gross abnormalities in the
observation time frames (fig. SOA). We tested other drugs related in structure

to fluphenazine but failed to detect any apparent effects of these compounds on GCH1 protein regulation
in cultured DRG neurons (fig. S9B). Fluphenazine-treated wild-type animals showed a slight analgesic



effect to acute nociceptive noxious thermal insults, shown as increased latency at exposure to 50°C. No
effect was found at 52°C (fig. S9C). In addition, there was no effect in the response to capsaicin between
vehicle- and fluphenazine-treated animals (fig. S9D). This is partially in line with sensory-specific genetic
BH4- deficient animals, which display responses comparable to control animals to the same acute
nociceptive tests (24). However, fluphenazine treatment in vivo ameliorated the mechanical pain
hypersensitivity induced by the SNI model (Fig. 3, G and H). Together, these data show that fluphenazine
reduced pathologically elevated BH4 after nerve injury and alleviated neuropathic pain in mice.

Increased EGFR/KRAS signaling enhances GCH1/BH4 and pain sensitivity in sensory
neurons in mice

Compounds targeting the EGFR pathway were among the most effective reducers of GCH1, and the

most potent of these was EGFR inhibitor 111 (hereafter referred to as EGFRI"!!) followed by

XL880 (also known as foretinib), which was developed as a c-MET/VEGFR2 (vascular endothelial

growth factor receptor 2) blocker but which also inhibits the phosphorylation and activation of EGFR

(Fig. 4A and fig. S5, A and B)

(40). PD-161570 and PD-089828 also target EGFR activation (41, 42), and all four EGFR blockers

reduced GCH1 protein in injured sciatic nerves after neuropathic pain induction (fig. S10A). The fact that
these four compounds all target the same pathway led us to investigate EGFR signaling in sensory

neurons upon injury. EGFRIN-!1"was the top GCH1 reducer in our screen, and we further validated its
strong effects by investigating the kinetics of Gch1-GFP expression over an extended time (Fig. 4B).

EGFR was strongly up-regulated in DRG cultures after 3 days (Fig. 4C), and this increase was validated

in vivo in the

SNI model, with a higher up-regulation of EGFR and GCHL1 in the injured sciatic nerve compared to

the injured DRG tissue (Fig. 4, D and E, and fig. S10, B and C). Moreover, in vivo administration of
EGFRIM- not only resulted in a reduction of GCH1 protein in

the injured nerve but also reduced mechanical allodynia after SNI (Fig. 4, F and G, and fig. S10D). Thus, our
screen has identified a potential role for EGFR in injured DRG cells in contributing to GCH1 modulation and
neuropathic pain in mice.

Ras is a guanosine triphosphatase (GTPase) downstream of various growth factor receptors, including
EGFR, whose activation enables extracellular signals to be transmitted from the receptor to the nucleus
(43). Activation of RAS (for example, GTP-bound RAS) is therefore an indicator of EGFR activation
(43). RAS activity was enhanced in injured sciatic nerve after nerve injury (Fig. 4H). RAS is composed of
a family of three proteins, HRAS, NRAS, and KRAS. KRAS is most often associated with EGFR
signaling in cancer pathogenesis, and mutated KRAS leading to constitutive activation is one of the most
mutated genes in human cancers (44, 45). To investigate a role of KRAS activation in EGFR signaling in
sensory neurons, we selectively expressed the constitutively active KRAS mutant, Kras®12D, in DRG
neurons using a tamoxifen-inducible Cre line, ERT-Brn3A-Cre (Fig. 41) (46). In naive animals, Kras¢12D
overexpression led to increased GCH1 (Fig. 4J). BH4 was also enhanced (Fig. 4K), supporting the notion
that active KRAS leads to increased GCH1 expression and BH4 synthesis. In addition, constitutive KRAS
activation led to increased pain sensitivity in vivo in response to noxious heat (Fig. 4, L and M) and an
increased sensitivity to capsaicin (Fig. 4N). To confirm that this enhanced thermal hypersensitivity was due
to increased BH4 in the nerve, we genetically deleted Gehl in the sensory neurons while at the same time
constitutively activating Kras®12P; in this genetic rescue experiment, the thermal hypersensitivity and
increased BH4 returned to baseline (Fig. 4, O and P). Together, these data indicate that upon nerve injury
in mice, EGFR is up-regulated in injured sensory nerves, and this leads to KRAS activation, which in turn
increases BH4 production and pain hypersensitivity. These data also suggest that targeting either EGFR
stimulation or KRAS activation may lower pathological amounts of BH4 in sensory neurons, and thereby



reduce neuropathic pain.

GCH1 promotes tumorigenesis in KRAS-driven lung cancer

Because KRAS activation increased GCH1 and BH4 in sensory neurons, we next wanted to assess whether
this link also holds true for other KRAS-dependent systems. The three Ras genes (Kras, Nras, and Hras)

are among the most mutated genes associated with cancer (mutated in 90% of pancreatic, 35% of lung, and
45% of colon cancers), and,

in particular, Kras is the isoform most prevalently mutated in lung cancers (47, 48). We therefore used the
Kras®12D_dependent lung cancer model, in which adenovirus-mediated Cre expression leads to constitutively
active Kras®12D overexpression in lung epithelial cells (hereafter referred to as KrasAPENO-CRE) \yhich then
drives cancer development (49). We excised lung tumors from KrasAPENO-CRE mice treated with Cre-
expressing adenovirus for

20 weeks and compared these to normal lung tissue. BH4 was considerably increased in the KrasAPENO-CRE_

driven lung cancer tissue compared to lung tissue from control treated (controlAPENO-CRE) mice (Fig. 5A).
BH4 can also be produced by immune cells such as

macrophages and T cells, as well as CD31* endothelial cells (50). To exclude the possibility that the source of
the BH4 arises from these cells and not the cancer cells, we purified the lung cancerous tissue and depleted
immune and endothelial cells (Fig. 5B) and still detected increased BH4 in the purified tumor cells (Fig. 5C).

Last, we ablated Gehl in Kras®12P Jung cancer cells by crossing Geh110X/flox animals with a Kras©12D
transgenic line and infecting the mice with Cre-expressing adenovirus intranasally (Gchflox/flox; K rasADENO-
CRE). The genetic inactivation of Gchl led to increased survival of the Geh11oX/flox K rasADENO-CRE e
compared to similarly treated Gch1WT/WT: KrasG12D control animals (Geh1WTI'WT K rasADENO-CRE) (Fig. 5D).
Moreover, histological analysis of the lungs 8 weeks after adeno-infection showed reduced tumor burden under
the Gchl-deficient conditions (Fig. 5E). An assay has been developed to determine lung cancer stem cell
activity using a spheroid formation as a readout (51). Pharmacological blockage

of the GCH1/BH4 pathway using SPRi3, a specific inhibitor of sepiapterin reductase (SPR) (24), an enzyme
critical for BH4 biosynthesis (Fig. 5F), also resulted in reduced Kras®12P- driven tumor spheroid formation
compared to vehicle treatment (Fig. 5, G and H). These data demonstrate that a Kras®12P-mediated increase in
GCH1 and BH4 production not only is confined to sensory neurons after injury but also might play a role in
Kras®12D_driven lung cancer tumorigenesis.

DISCUSSION

Pain is an essential physiological response that protects organisms from dangerous stimuli, allowing injury the
necessary time to heal and thereby prevent additional damage to injured areas. However, in certain individuals,
usually after damage to the nervous system, pain persists long after the noxious stimuli have ceased and the
injured areas have healed, constituting chronic pain (52). In a 26-year study from 1990 to 2016 assessing data
of ~200 countries, lower back pain, neck pain, and migraines topped the list for leading causes of disability
(53). It is estimated that 20% of the adult population in Europe and the United States experience moderate to
severe pain exceeding 6 months (54, 55). This substantially impairs the health and well-being of the affected
individuals, one-third of which take no medication, and of those taking medication, almost 50% report an
inadequacy in pain management (54, 55).

The BH4 pathway represents a pathway independent of the opioid system to combat pain hypersensitivity (9).
Our group recently developed small-molecule inhibitors of SPR, the terminal enzyme in the BH4 biosynthetic
pathway, which reduce pain after nerve injury and inflammation in rodents (20, 24, 26). Here, we report a
phenotypic screening platform using annotated bioactive compounds to identify drugs that up-regulate or
decrease GCH1 expression upon nerve injury in preclinical models. Although screening primary DRG neurons



results in lower throughput than heterologous target expression assays, such an approach might offer greater
translatability. Using this approach, the annotated targets of hits provided insights into the biology of GCH1
expression and BH4 synthesis in sensory neurons; in addition, any hits with FDA-approved compounds have
existing safety and pharmacokinetic profiles and could therefore be readily repurposed.

To confirm the utility of our approach, we tested the top candidates in vitro and in vivo in a neuropathic nerve
injury model. In our hit list, we found several known drugs that reduce neuropathic pain, such as clonidine (29,
31, 37), offering an additional explanation for their analgesic effects. A repurposing opportunity identified by
the screen was fluphenazine hydrochloride. Fluphenazine is an antipsychotic used to treat schizophrenia by
blocking postsynaptic D2 dopamine receptors and alpha-1 adrenergic receptors. We demonstrate here that
fluphenazine reduces GCH1 and BH4 in DRG cultures and in sensory neurons after sciatic nerve injury in
mice. Moreover, we show that fluphenazine treatment markedly alleviated pain hypersensitivity after nerve
injury in mice, using a dose that is comparable to that used in patients (0.01 mg/kg daily intraperitoneally in
our study in mice versus the range 0.006 to 0.125 mg/kg orally used in patients) (56). Side effects of
fluphenazine treatment include movement disorders and depression (57-59). Because BH4 is required by
tyrosine hydroxylase and tryptophan hydroxylase to produce dopamine and serotonin, respectively, these
effects may point to GCH1 reduction in certain brain regions. A peripherally restricted form of fluphenazine
that abrogates pathologically elevated GCH1 and BH4 in peripheral neurons after injury or inflammation could
therefore be used to lower pain sensitivity, potentially reducing the risk of central nervous system side effects.

We also identified a role of EGFR and KRAS signaling in GCH1/BH4 regulation upon nerve injury. We
show that EGFR is up-regulated specifically in injured nerves, and this is accompanied by increased Ras

activity. Overexpressing mutant constitutively active Kras (KrasGlZD) specifically in sensory neurons
increased pain sensitivity in mice. Mechanistically, constitutively active KRAS resulted in increased
GCHL1 protein and elevated BH4 in the sensory nerves. Recently, attention has focused on the role of
EGFR activation in neuropathic pain because up-regulation of EGFR in the DRG is associated with
chronic pain development in rodents (60, 61). Moreover, in a case study of a patient with rectal cancer
and neuropathic pain, it was observed that EGFR inhibition using the drug cetuximab resulted in pain
relief despite little effect on tumor progression (62). This study was confirmed in a series of case reports
in which different inhibitors of EGFR were found to offer pain relief to patients suffering from
debilitating neuropathic pain (63, 64). Our data now uncovered a potential molecular explanation for the
pain-reducing effects of EGFR inhibition via GCH1/BH4 regulation.

We were able to expand the link between EGFR and BH4 activation in sensory nerves to lung cancer, in which
mutated, constitutively active Kras®12P is a driver of tumorigenesis. In Kras®12D-driven lung cancer, BH4
was substantially enhanced in the tumor cells, and genetic inactivation of Gehl reduced tumor burden and
increased survival in mice. Blocking EGFR activation and inhibiting active KRAS signals is a major goal for
cancer therapy, and many therapeutic approaches are currently being designed to target EGFR/KRAS
activation (65). Our results indicate that it will be important to determine whether these inhibitors are also
analgesics, and further investigate the mechanistic role of GCH1/BH4 in Kras®12D_driven cancer. Recently,
two reports have demonstrated that SPR activity and BH4 promote cancer cell proliferation in a manner similar
to that we recently uncovered for T cell proliferation via regulation of mitochondrial adenosine triphosphate
(ATP) synthesis (66, 67). The cell lines used in the BH4 cancer study harbor Kras mutations that lead to
hyperactivity of the protein (66).

Overall, we demonstrated the value of a phenotypic screen with an annotated drug library to both identify
existing drugs that may be repurposed for treating pain and uncover a biological cross-talk between cancer
and pain via the GCH1/BH4 pathway. Our data also provide potential mechanistic explanations for the
analgesic activities of several known pain drugs and might contribute to the development of better analgesics
for chronic pain. Our results also unlock a molecular link for EGFR/KRAS-regulated pain perception and



lung cancer via the GCH1/BH4 metabolic pathway, opening multiple diverse therapeutic opportunities.

Limitations of the study

Using primary axotomized mouse DRG neurons restricted our platform to low-throughput screen of only
about 1100 annotated bioactive compounds and was not amenable to screen a larger diversity library.
GCH1/BH4 has been linked to both neuropathic and inflammatory pain conditions in humans; in addition to
using the SNI model here, going forward would also be interesting to investigate the effect of fluphenazine and
EGFR inhibition on other relevant mouse models of inflammatory pain (rheumatoid or osteoarthritis) and
neuropathic pain (models of diabetic neuropathy, chemotherapy-induced neuropathy, compression neuropathy,
and peripheral neuritis). Last, the generation of induced pluripotent stem cell (iPSC)-derived human
nociceptors has been recently described; testing our compound candidates for GCH1/BH4 regulation on
human pain neurons would be a promising translational step from our mouse study to a human platform.

MATERIALS AND METHODS
Study design

The rationale for this study was that our laboratories, and others, have identified GCH1/BH4 pathway as a major
contributor to neuropathic pain. We have previously shown that genetic ablation of Gehl in sensory neurons
ameliorates neuropathic pain in mice. Therefore, our idea was to screen annotated and FDA-approved drugs for
regulation of Gchl expression to find new analgesics and biology of BH4 regulation after nerve injury. In
inhibitor- treatment behavioral experiments in vivo, wild-type mice were randomly allocated into each
experimental group.

For in vivo behavioral experiments, the investigator was blinded to the treatment for experiments shown in Fig.
3H and unblinded for experiments shown in Fig. 4G. For nontreatment behavioral experiments, the
experimenter was blinded to the genotypes used. For lung cancer in vivo experiments, the investigator was
blinded to the mouse genotypes. For measurements of BH4, the experimenter was unaware of the treatment the
samples received before analysis.

Replication is indicated in the figures and/or figure legends. On the graphs, individual dots represent individual
samples/mice used. For each experiment, all attempts at replication were successful and our findings showed
comparable results.

Mice

Mice expressing enhanced green fluorescent protein (eGFP) under the Gehl promoter
(Gch1GFP) were used to label neurons that up-regulate Geh1 after DRG axotomy (24). For
loss-of-function experiments, we used Gceh1 floxed (Geh1foxed) mice, which have previously
been described (68). Tamoxifen-inducible ERT-Brn3A-Cre mice (46) were crossed to LSL-
Kras®12D (49) and Gceh1fox (68) animals. Wild-type are C57BI6/J strain bred in-house.
Tamoxifen (Sigma-Aldrich, T5648, 2 mg per mouse for four consecutive days) was used to
induce Kras®12D activation and Geh1 deletion. All animal experiments were performed in
accordance with institutional policies and federal guidelines. The Austrian Federal Ministry
of Education, Science and Research approved the corresponding proposals GZ BMBWF-
66.015/0033-V/3b/2019 and their amendments.



DRG cultures

DRG cultures were prepared as follows from naive animals, either Gch1SFP or wild-type mice. Briefly, DRGs
were extracted, dissociated using Liberase (Roche) and 0.25% trypsin, triturated, and cultured from eight 10- to
12-week-old Geh1CGFP mice for each experimental day of the screen. The neurons were cultured on 384-well
poly-p-lysine—coated plates (BD BioCoat, Corning 354461), which were also coated with laminin [10 pg/ml in
phosphate- buffered saline (PBS), 1 hour at room temperature; Sigma-Aldrich, L2020]. Identification and
counting of neurons were performed with a standard hemocytometer using trypan blue to exclude dead cells.
DRG cultures were plated at a density of ~1000 neurons per well. The neurons were cultured in Neurobasal
(Full NB) medium supplemented with B27 (Invitrogen) and 200 mm L-glutamine. For Western validations, a
similar procedure was used for Geh1GFP and wild-type C57BI6/J mice, where six-well plates were used. The
neurons were cultured for 3 days before protein extraction, and compounds were added 24 hours after seeding.

Small-molecule libraries

The small molecules used in these screens were from the following collection: National Institutes of Health
(NIH), LOPAC1280 (Sigma-Aldrich), Spectrum (Microsource Discovery Systems), and Prestwick Chemical
Library. One thousand compounds were selected from these libraries to create custom compound sets targeting
GPCR, ion channels, kinases, and epigenetic modifiers (Fig. 2A and table S1). Fluphenazine (Cayman
Chemical, 23555, and Sigma-Aldrich, BP167) was dissolved in saline to the concentrations indicated in figure
legends. EGFRIM-!I! (Merck, 324833) was dissolved in Tween 80/carboxymethylcellulose to the concentrations
indicated in figure legends. Capsaicin (Sigma-Aldrich, M2028) was dissolved in DMSO or ethanol and
subsequently in saline to the desired concentrations indicated in the figures.

Image analyses for quantification of GFP and Pl intensities

Microtiter 384-well plates containing the cells were examined in a PerkinEImer/Evotec Opera QEHS model 2.0
laser spinning disk confocal fluorescence microscope. The GFP was visualized with a 488-nm laser, and the PI
viability stain was visualized with a 561-nm laser. The resulting images were analyzed with scripts written in
the PerkinElmer Acapella language that is packaged with the automated microscope. Subroutines for nuclei
detection used the GFP channel images. The first-round candidate nuclei that were too small, large, wide, or
narrow were filtered out. The remaining accepted nuclei were divided into high intensity, low intensity, or GFP
negative based on the average intensities in the GFP channel. The nuclei were further subgrouped into “alive” or
“dead” based on their PI fluorescence intensity. Positive and negative control chemicals (PMA and GO6796) as
well as buffer with appropriately diluted DMSO unperturbed cells were included as controls on each plate to
validate the algorithm thresholds and data consistency on each plate. For primary screening, three different
parameters were calculated for each compound—the number of high-expressing GFP neurons (#GFPHi), the
mean GFP intensity per well (mean GFP intensity), and the percent of high-expressing GFP neurons of total
neurons identified per well (% GFPH!/total nuclei). Only compounds that were nontoxic were analyzed. For
each parameter, three SDs above and below (£3 SD) that of the negative (DMSQO) control samples were scored.
For each threshold passed, the following scoring was assigned: #GFPH! = 1: mean GFP intensity = 3; %
GFPHl/total nuclei = 5 (see also tables S3 and S4). The total rank sum was assigned to each compound. For
“decreasers,” compounds that acquired a total score of >1 was considered a hit and proceeded to dose-response
retesting; for “increasers,” we used the stricter total score of >5 to proceed to dose-response retesting. For time
course experiments, Cell Discoverer CD7 (Zeiss) was used and images were acquired every 6 hours for up to 1
week. Analysis was performed using Fiji. For Western blot validation, a cross symbol (f) indicates potential
toxicity of the compound on the neurons as determined by visual microscopic inspection and/or relatively (to
vehicle treatment) low BTUBIII protein.



Behavioral assays

Determination of pain responses/thresholds
Contact heat pain (hot-plate test)—Mice were placed on a metallic plate heated to a set temperature
(30°, 49°, 52°, or 55°C) within an acrylic container (Bioseb), and the latency for flinching, licking one of
the hind paws or jumping was measured. Mice were sequentially tested for 30°, 52°, 55°, and 49°C. One
temperature was tested per day.

Capsaicin—Twenty microliters of capsaicin (1 ug) (Sigma-Aldrich, M2028) diluted in 1% DMSO and saline
was injected into the plantar surface of the hind paw, the mouse was placed onto a room temperature surface
within a container, and the time spent licking, biting, or lifting the paw was measured.

SNI model

SNI surgery was performed under 3% induction/2% maintenance with isoflurane on adult mice (8 to 12 weeks
old). The tibial and common peroneal branches of the sciatic nerve were tightly ligated with a 5.0 silk suture
and transected distally, whereas the sural nerve was left intact (69). After injury, incision was sutured, and
mice were allowed to recover on heated pads before being returned to their home cage. The surgeon who
performed the SNI was blinded to the genotype.

Dynamic plantar test—von Frey element

The Dynamic Plantar Aesthesiometer has been designed to automate the assessment of “touch sensitivity” on
the plantar surface of mice. Animals were habituated for 2 hours in the testing chamber on the gridded
platform. Each mouse is given three trials on the injured hind paw, which is then averaged. It is best to alternate
between mice each time and wait at least 20 s on one and the same individual. The gram is the force applied
when they remove the paw. The latency is the time (in seconds) from the onset of initial paw contact until the
paw is removed. The lateral region of the left paw innervated by the spared sural nerve was tested (see Fig. 3G).

Kras®12D_driven lung cancer model

Gceh1floxed mice were then crossed to LSL-Kras®12P (49) mice to generate Geh1f/fILSL- KrasG12D and
Geh1** LSL-Kras®12D Jittermate mice. Inhalation of 6- to 8-week-old mice with Ad5-CMV-Cre (VVC-U of
lowa-5) virus was performed as previously reported (49). All experimental animals were anesthetized with 10%
ketasol/xylasol and placed on a heated pad. An AdCre-CaCly precipitate was produced by mixing 60 pl of
minimum essential medium, 2.5 pl of adeno-Cre (1010 plaque-forming units/ml; University of lowa, Gene
Transfer Vector Core lowa, USA), and 0.6 pl of CaCl, (1 M) for each mouse and incubated for 20 min at room
temperature. Survival times after inhalation were noted.

Lung tumor histology

All lung tumors were analyzed histologically as previously reported (70). Briefly, lungs were cut into 2-pum
sections from at least three different planes and stained with hematoxylin and eosin. Lung sections were
scanned using a Mirax slide scanner, and lung/tumor areas were scored by an algorithm programmed and
executed using the Definiens software suite and visually controlled in a blinded way. Positive cells were
counted on 15 randomly chosen tumor areas at x100 magnifications in a double-blinded fashion. Quantitative
analysis was performed using HistoQuest software (TissueGnostics GmbH).

Tumor spheroid cultures

A flat round drop of Matrigel (Corning) was seeded in cell culture plates followed by incubation at 37°C for 5
min. Primary lung tumor cells were mixed with the Matrigel and kept on ice until they were seeded onto the
droplet of Matrigel in the plate in “a droplet on a droplet” fashion. The Matrigel plug was incubated at 37°C for



30 min and then covered with cell culture medium. SPRi3 and vehicle (DMSOQ) were added 24 hours after
seeding. Images were acquired and analyzed 5 days later.

BH4 measurements

Metabolites were extracted from tissue or cell pellets using a methanol (MeOH):acetonitrile (ACN):0.1%
dithiothreitol (DTT) in water (2:2:1, v/v) ice-cold solvent mixture by adding 500 ul of the solvent to 50 mg of
tissue in an Eppendorf tube vortexed for 30 s, incubated in liquid nitrogen for 1 min, followed by vigorous
vortex shaking during 5 min. Then, the cells were disrupted using a pellet mixer (2 min) at low temperature,
followed by centrifugation at 40009 for 10 min at 4°C. The supernatant was collected and transferred to
another tube. One hundred microliters of MeOH:ACN:0.1% DTT in water (2:2:1, v/v) was added to the pellet,
which was homogenized again using a pellet mixer for 2 min with 100 pul, and then, it was centrifuged at the
same conditions described above. After that, both supernatants were combined (about 600 pl) followed by
another centrifugation at 40009 for 10 min at 4°C and transferred to a new tube. Reversed-phase liquid
chromatography tandem mass spec-trometry (LC-MS/MS) has been used for the quantification of BH4.
Briefly, 1 pl of the extract has been injected on RSLC Ultimate 3000 (Thermo Fisher Scientific) directly
coupled to a TSQ Vantage mass spectrometer (Thermo Fisher Scientific) via electrospray ionization. A Kinetex
C18 column was used (100 A, 150 mm x 2.1 mm) at a flow rate of 80 pl/min. LC-MS/MS was performed by
using the selected reaction monitoring mode of the instrument using the transitions (quantifiers) 242.1
mass/charge ratio (m/z) — 166.1 m/z (BH4) in the positive ion mode. A 7-min-long linear gradient was used,
starting from 100% A (1% ACN and 0.1% formic acid in water) to 80% B (0.1% formic acid in ACN). Freshly
prepared DTT (1 mg/ml) was used for stabilizing BH4. Authentic metabolite standards (Merck) were used for
determining the optimal collision energies for LC-MS/MS and for validating experimental retention times.

Flow cytometry

Flow cytometry of lung tumors was performed 5 months after adeno-Cre inhalation on control LSL-Kras®12D—
expressing mice by dissociating tumors with collagenase 1V (2 mg/ml; LS004186, Worthington) and
deoxyribonuclease (DNase) | (0.2 mg/ml; LS002138, Worthington) in RPMI 1640 medium for 45 min at 37°C.
The collagenase/DNase solution was replaced with 10 ml of cold fluorescence-activated cell sorting (FACS)
buffer (PBS, 2% fetal bovine serum), and the dissociated cells were passed through a 70-pum cell strainer and
then washed with 10 ml of cold FACS buffer. The cells were stained with allophycocyanin (APC)—-conjugated
anti-mouse CD31 antibody (1:100; 17— 0311, eBioscience), phycoerythrin (PE)-Cy7-conjugated anti-mouse
CD45 (1:400; 103114, BioLegend), and fluorescein isothiocyanate (FITC)—conjugated anti-mouse CD11b
(1:400; 01714D, BD), as well as an anti-mouse CD16/CD32 Fc block (1:100; 553142, BD Biosciences) and

4’ 6-diamidino-2-phenylindole (DAPI) (1:500 from a 5 mg/ml stock; D1306, Thermo Fisher Scientific) all
diluted in FACS buffer and incubated for 20 min at 4°C. Cells were acquired on BD LSR Fortessa. All data
were analyzed with FlowJo v10.0.8r1. A tumor isolation kit (Tumor Isolation Kit, mouse, 130-110-187,
Miltenyi Biotec) was used on the samples to deplete endothelial cells (CD31%) and immune cells (CD45%) so
that the samples were enriched for only living tumor cells.

Protein blotting

Protein blotting was carried out using standard protocols. Blots were blocked for 1 hour with 5% milk in
PBST (1x PBS and 0.1% Tween 20) and then incubated overnight at 4°C with primary antibodies diluted in
5% milk in PBST (1:1000 dilution). Blots were washed three times in PBST for 15 min and then incubated
with horseradish peroxidase—conjugated secondary antibody (1:2500 dilution; GE Healthcare, NA9340V)
for 45 min at room temperature, washed three times in PBST for 15 min, and visualized using enhanced
chemiluminescence (ECL Plus, Pierce, 1896327). Antibodies used in the present study include GCH1 (sc-
271482, Santa Cruz Biotechnology; NBP1-84949, Novus Biologicals), B-tubulin I11 (ab18207, Abcam;
T2200, Sigma-Aldrich), GFP (ab13970, Abcam; 632375, Takara), glyceraldehyde-3-phosphat



dehydrogenase (GAPDH; 2118, Cell Signaling Technology), and EGFR (06-847, Sigma-Aldrich; 4267,
Cell Signaling Technology). Quantification of Western blot bands was performed using Fiji software.

Reverse transcription quantitative real-time PCR

Isolated DRG neurons treated with vehicle, PMA, and GO6796 as indicated were cultured for 3 days, and
RNA was extracted by acid phenol extraction (TRIzol reagent, Invitrogen). First-strand cDNA synthesis (1 ug
of total RNA per reaction) was performed with SuperScript III Reverse Transcriptase per the manufacturer’s
instructions (Invitrogen). RT-gPCR was performed using the SYBR green detection system with primer sets
designed on Primer Express. Specific PCR product amplification was confirmed using dissociation protocol.
Transcript regulation was determined using the relative standard curve method per the manufacturer’s
instructions (Applied Biosystems). Relative loading was determined before RT with RNA spectrophotometry
followed by gel electrophoresis and after RT by amplification of GAPDH. Primers used for this study were as
follows: GCH1, ACAAGCAAGTCCTTGGTCTCA (forward) and GTGAGGCGCTCTTGAACTTG(reverse).

Statistical analyses

All values are expressed as means + SEM. Details of the statistical tests used are stated in the figure
legends. Briefly, Student’s t test was used to compare between two groups. One-way analysis of variance
(ANOVA) followed by Dunnett’s or Tukey’s post hoc tests for multiple comparisons was used for analysis
between multiple groups. Two-way ANOVA was used to compare two groups over time. In all tests, P <
0.05 was considered significant. GraphPad Prism v7 was used for data entry, graph construction, and data
analysis.
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Fig. 1. DRG drug screen identifies PKC as an inducer of Gechl expression.

(A and B) Brightfield and fluorescent GFP images of cultured DRG neurons over time isolated from Gch1GFP
reporter mice (A) and quantification of increased GFP intensity (B) from GFP high—expressing (dark green
arrow), GFP low—expressing (light green arrow), and GFP-negative (blue arrow) DRG neurons. Scale bars, 30
pm. Data are shown as means + SEM. ****P < (0.0001 (two-way repeated-measures ANOVA). (C)
Representative Western blot analysis of cultured DRG neurons on days 0 and 3 blotted with specific antibodies
to detect GFP (top) and GCH1 (middle blot). Neuronal-specific anti—f-tubulin 11 (BTublll) was used as a
loading control (bottom blot). Relative quantification of GCH1 protein on days 0 and 3 of DRG culture from
wild-type animals (right). Data are shown as means + SEM and pooled from five independent experiments.
Individual samples are shown.***P < 0.001 (paired t test). (D) Schematic time frame of the drug screen on

cultured DRG neurons from Geh1CGFP reporter mice. Compounds were added to the culture on day 1, and GFP as
well as propidium iodide (PI) quantification and intensity were analyzed on day 3. (E) Representative GFP
fluorescent images and quantification of GFP intensity from wells of cultured (day 3) DRG neurons isolated
from Gch1CGFP reporter mice treated with PKC modifier drugs [PMA (3 uM), which activates PKC; GO6796
(0.3 uM), which inhibits PKC] on day 1. Data are shown as means + SEM. Individual samples are shown. **P <
0.01; ****P < 0.0001 (one-way ANOV A with Dunnett’s multiple comparison test). au, arbitrary units. (F)
Validation of the effect by PKC regulation on Gch1 expression by RT-gPCR on DRG neurons from wild-type
animals treated with DMSO as vehicle control, PMA (3 pM), and GO6796 (0.3 uM). Data are shown as means
+ SEM. Individual samples for each treatment condition are shown. *P < 0.05; ***P < 0.001 (one-way ANOVA
with Tukey’s multiple comparison test). (G) GFP intensities over time of individual GFP- expressing DRG
neurons isolated from Gch1GFP reporter mice and treated with DMSO and GO6796 (0.3 uM) 24 hours after
plating. Data are shown as means + SEM. Individual intensities over time are shown. ****P < 0.0001 (two-way
repeated-measures ANOVA). (H) Representative Western blot of GFP and GCH1 on DRG neurons isolated
from GchlGFPreporter mice treated with PMA (3 uM). GAPDH was used as a loading control (top). Relative
quantification of GCH1 protein on day 3 of DRG culture from wild-type animals untreated and treated with
PMA (3 uM) (bottom). Data are shown as means + SEM and pooled from three independent experiments.
Individual samples are shown. **P < 0.01 (paired t test). (I to K) Analysis of various parameters on day 3 of
cultured Gch1GFP DRG neurons treated with the indicated doses of PMA and GO6796 as well as the DMSO
vehicle control (note that DMSO concentration was kept constant at 0.1%) including % GFPH! cells among total
identified neurons (1), total numbers of GFPH! neurons per well (J), and mean GFP intensity per well (K). Data
are shown as means + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; NS, not significant (one-
way ANOVA with Dunnett’s multiple comparison test to DMSO treatment). (L) Mean intensity of Pl staining
per well as a measure of toxicity. Pl intensity greater than 75 was arbitrarily taken to be considered toxic (dotted
black line). Note toxicity of GO6796 at a concentration of 30 uM. Data are shown as means + SEM.
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Fig. 2. Screen of annotated drugs for regulation of GCH1 in DRG sensory neurons.

(A) Table detailing the type and number of compounds used in the screen. (B) Total screen data for each
compound shown as % GFPH! cells among total identified neurons. Two concentrations were used for each
compound, 0.1 and 1 uM for those in the kinase set, and 1 and 10 uM for drugs in the GPCR/Epigenetic set.
DMSO as well as the control compounds PMA (3 uM) and GO6796 (0.3 uM) are also shown. ****P < 0.0001
(one-way ANOVA with Dunnett’s multiple comparison test). (C and D) Examples of dose-response

retests of primary candidate hits covering both decreasers (C) and increasers (D) of % GFPH! cells in day 3

cultured DRG neurons from Geh1GFP mice. DMSO as well as PMA (3 pM) and GO6796 (0.3 uM) are also
shown. (E) Schematic depicting the workflow, compound hit rates, and validation protocols for the primary
screen and retests. (F and G) Western blot quantification of compounds that decrease GFP protein after 3
days of culture (F) and corresponding validation of endogenous GCHL1 protein decrease compared to vehicle
(DMSO) treatment of capsaicin, clonidine, and terfenadine (G). BTublll was used as a loading control. (H)
Quantification of those compounds that increase GCH1 protein compared to vehicle treatment after 3 days of
culture. BTubIII was used as a loading control. Cross symbol () indicates potential toxicity of the compound
on the neurons as determined by visual microscopic inspection and/or low BTublll. (I and J) Schematic
depicting the validation protocol for compound testing in vivo using the spared nerve injury (SNI)
neuropathic pain model in mice and representative Western blot of GCH1 protein in injured L3-L5 DRG



after SNI in which wild-type animals were treated with the indicated compounds and compared to vehicle
treatment as well as DRG tissue isolated from naive animals. BTublll was used as a loading control (1).
Relative quantification of GCH1 protein in injured sciatic nerve 3 days after SNI from wild-type animals
treated with vehicle, capsaicin (0.5 mg/kg), clonidine (5 mg/kg), and terfenadine (5 mg/kg). Data are shown
as means + SEM and pooled from two independent experiments. Individual samples are shown.

*P < 0.01 (one-way ANOVA with Dunnett’s multiple comparison test). i.p., intraperitoneal.
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Fig. 3. The antipsychotic fluphenazine reduces GCH1 and BH4 in sensory neurons as well as neuropathic pain in
mice. (A) Chemical structure of fluphenazine hydrochloride. (B and C) Western blot of GCH1 in
injured sciatic nerve tissue 3 days after SNI in wild-type animals treated with varying doses of
fluphenazine on days 0.5, 1.5, and 2.5 intraperitoneally (B) and relative quantification of GCH1
(C). BTublll was used as a loading control. Naive and vehicle (saline)-treated animals were
included. The amounts are normalized to those in naive tissue. (D) Western blot of GCHL1 in
injured L3-L5 DRG and sciatic nerve (ScN) tissue 3 days after SNI in wild-type animals treated
with the indicated doses of fluphenazine on days 0.5, 1.5, and 2.5 intraperitoneally. BTublll was
used as a loading control. Naive and vehicle (saline)-treated animals were included. (E) Relative
guantification of GCH1 protein in injured sciatic nerve tissue 3 days after SNI in vehicle (saline)—
and fluphenazine (0.1 mg/kg)-treated animals. Individual mice for each condition are shown.
Data are shown as means + SEM and pooled from four independent experiments. *P < 0.05
(paired t test). (F) Amount of BH4 measured in injured sciatic nerve tissue after SNI in vehicle



(saline)— and fluphenazine (0.1 mg/kg)- treated animals. The amounts are normalized to those in

naive, noninjured tissue. Individual mice for each conditio

n are shown. Data are shown as means

+ SEM. *P < 0.05; ***P <0.001 (one-way ANOVA with Dunnett’s multiple comparison test). (G)
Schematic injection protocol of saline and fluphenazine (0.1 mg/kg) and of SNI mechanical pain
testing of wild-type animals. Arrows indicate time points of mechanical pain testing. (H)
Mechanical thresholds of SNI wild-type animals treated with saline and fluphenazine (0.1 mg/kg)

as depicted in (G). Data are shown as means = SEM. |

ndividual mice for each genotype are

shown. **P < 0.01; ****P < 0.0001 (two-way ANOVA with Sidak’s multiple comparison test).
Dotted brown line indicates the force and latency of naive wild-type animals before SNI.
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Fig. 4. EGFR signaling regulates the GCH1/BH4 pathway in sensory neurons. (A) Quantification of GCH1 protein
reduction on DRG cultures from wild-type mice by several compounds that target EGFR signaling; see

fig. S5B for Western blot. (B) GFP intensities over time of

individual GFP-expressing DRG neurons

treated with EGFR inhibitor 111 (EGFRI"M!11) (10 uM) isolated from Gch1GFP reporter mice. DMSO and

G0O6796 (0.3 uM) treatments from Fig. 1F are also shown.

Individual intensities over time are shown for

EGFRInh-Ill ****p < 0 0001 (two-way repeated-measures ANOVA between DMSO and EGFRI"-I) (C)
Rep resentative Western blot and quantification of EGFR protein in cultured DRG cells on days 0 and 3.
BTublll was used as a loading control. Data are shown as means + SEM and pooled from two independent



experiments. Individual mice for each condition are shown. *P < 0.05 (Student’s t test). (D) Western blot
of EGFR in the injured ipsilateral dorsal horn, DRGs, and sciatic nerve assayed at days 0 and 1 and 3 days
after SNI (left). Western blot of EGFR and GCH1 in the DRG and sciatic nerve of naive and 3-day SNI-
treated wild-type animals (right). BTublll was used as a loading control. (E) Relative quantification of
EGFR in sciatic nerve tissue in naive and SNI-treated animals from fig. S10C. Data are shown as means +
SEM. Individual mice for each condition are shown. **P < 0.01 (Student’s t test). (F) Representative
Western blot of GCH1 in the sciatic nerve of 3-day SNI-operated wild-type animals treated with vehicle
or EGFRI"M-1 (10 mg/ kg). BTublll was used as a loading control. Data are shown as means + SEM and
pooled from two independent experiments. Individual mice for each condition are shown. **P <0.01
(Student’s t test). (G) Mechanical thresholds of SNI wild-type animals treated with vehicle and EGFRINM
11(10 mg/kg). Treatment was administered intraperitoneally for 2 days before each behavioral testing.
Data are shown as means + SEM. Individual mice for each genotype are shown. ***P < 0.001 (two-way
ANOVA with Sidak’s multiple comparison test). (H) Ras activity in naive and 3-day SNI-treated animals
from DRG and sciatic nerve tissues. Data are shown as means + SEM. Individual mice for each genotype
are shown. ***P < 0.001 (one-way ANOVA with Tukey’s multiple comparison test). (1) Breeding
scheme for inducible expression of constitutively active KrasG12P in sensory neurons. (J) Western blot of
GCH1 in naive DRG tissue from tamoxifen-treated control and Kras; ERT-Brn3A-Cre mice. Tissue was
extracted 8 weeks after tamoxifen treatment (five times daily, 2 mg per mouse). BTublll is shown as a
loading control. (K) BH4 measurements in the sciatic nerve of naive control and Kras; ERT-Brn3A-Cre
mice 8 weeks after tamoxifen administration. Data are shown as means + SEM. Individual mice for each
genotype are shown. ***P < 0.001 (Student’s t test). (L and M) Hot-plate behavioral testing of control
and Kras; ERT-Brn3A-Cre mice at baseline (L) and percentage change in response (M) as determined 8
weeks after tamoxifen administration. Data are shown as means + SEM. Individual mice for each
genotype are shown. ***P < 0.001; ****P < 0.0001 [one-way ANOVA with Tukey’s multiple
comparison test (L) and Student’s t test (M)]. (N) Response time to capsaicin (1 pg) intradermal paw
injection of control and Kras; ERT-Brn3A-Cre mice 8 weeks after tamoxifen administration. Data are
shown as means + SEM. Individual mice for each genotype are shown. **P < 0.01 (Student’s t test). (O)
Percent change in hot-plate (50°C) latencies of control, Kras; ERT-Brn3A-Cre, and Geh1floX/flox: Kras; ERT-
Brn3A-Cre mice at baseline and 8 weeks after tamoxifen administration. Data are shown as means + SEM.
Individual mice for each genotype are shown. **P < 0.01; ***P < 0.001 (one-way ANOVA with Tukey’s
multiple comparison test). (P) BH4 measurements in the sciatic nerve of naive control, Kras; ERT-Brn3A-
Cre, and Geh1flox/flox: Kras; ERT- Brn3A-Cre mice 8 weeks after tamoxifen administration. Data are shown
as means + SEM. Individual mice for each genotype are shown. *P < 0.05 (one-way ANOVA with
Tukey’s multiple comparison test).
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Fig. 5. Active Kras®12D enhances the GCH1/BH4 pathway to drive lung cancer progression. (A) BH4 measurements in
lung tissue of controlAPENO-CRE gnd KrasAPENO-CRE mice 5 months after adenovirus (Ad5-CMV-Cre)
inhalation. Data are shown as means £ SEM. Individual mice for each genotype are shown. ****p <
0.0001 (Student’s ttest). (B and C) FACS analysis of lung tumors before (top) and after (bottom)
depletion of immune cells (CD45*CD11b*) and endothelial cells (CD31*) from lung tissue of
controlAPENO-CRE and K rasAPENO-CRE mjce 5 months after adenovirus (Ad5-CMV-Cre) inhalation (B).
Remaining tumor-enriched cells were subjected to BH4 measurements (C). Data are shown as means +
SEM. Individual mice for each genotype are shown. BQA, below quantifiable amount. (D) Survival curve for
Gch1WTWT K rasADENO-CRE (n = 11) versus Geh110X/flox K rgsADENO-CRE (1 = 10)) littermates treated with
adenovirus (Ad5-CMV-Cre) inhalation. Data are pooled from two independent experiments. ****p <
0.0001 [Log-rank (Mantel-Cox) test]. (E) Representative lung tumor sections (H&E staining) in
Gch1WTWT K rasADENO-CRE g Gch1flox/flox K rasADENO-CRE |jttermates 12 weeks after Ad5-CMV- Cre
inhalation (left) and quantification of overall tumor burden (right). Total tumor areas comprising
hyperplasia and adenomas were scored automatically by a Definiens software algorithm and confirmed by
a trained pathologist. Data are shown as means + SEM. Individual lung section samples are shown pooled
from three animals from each genotype. *P < 0.05 (Student’s t test). (F) Schematic pathway for BH4
biosynthesis. Enzymes are shown in red, white arrows indicate enzymatic reactions, and black arrow
indicates nonenzymatic reaction. The sepiapterin reductase (SPR) inhibitor SPRi3 is shown in blue. (G)
Representative images of tumor spheroids derived from purified KrasAPENO-CRE primary lung tumor cells



treated with vehicle control (DMSO) or the SPR inhibitor SPRi3 (50 uM). Images were acquired 4 days
after cells were seeded in Matrigel (5000 primary tumor cells per well). The experiment was repeated with
six different mice for each group. (H) Quantification of tumor spheroid numbers described in (G). Data
are shown as means + SEM and pooled from three independent experiments. Individual samples are
shown. **P <0.01 (Student’s t test).



