nature cancer

Article

https://doi.org/10.1038/s43018-024-00781-6

Afirst-in-class selective inhibitor of EGFR
and PI3K offers a single-molecule approach
to targeting adaptive resistance
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Despite tremendous progress in precision oncology, adaptive resistance

mechanisms limit the long-term effectiveness of molecularly targeted
agents. Here we evaluated the pharmacological profile of MTX-531 that

was computationally designed to selectively target two key resistance
drivers, epidermal growth factor receptor and phosphatidylinositol 3-OH
kinase (PI3K). MTX-531 exhibits low-nanomolar potency against both
targets with a high degree of specificity predicted by cocrystal structural
analyses. MTX-531 monotherapy uniformly resulted in tumor regressions

of squamous head and neck patient-derived xenograft (PDX) models. The
combination of MTX-531 with mitogen-activated protein kinase kinase

or KRAS-G12Cinhibitors led to durable regressions of BRAF-mutant or
KRAS-mutant colorectal cancer PDX models, resulting in striking increases
inmedian survival. MTX-531is exceptionally well tolerated in mice and
uniquely does notlead to the hyperglycemia commonly seen with PI3K
inhibitors. Here, we show that MTX-531 acts as a weak agonist of peroxisome
proliferator-activated receptor-y, an attribute that likely mitigates
hyperglycemiainduced by PI3K inhibition. This unique feature of MTX-531
confers afavorable therapeutic index not typically seen with PI3K inhibitors.

Revolutionary advances in precision oncology have been enabled
by genomic sequencing of individual cancers and approval of a
multitude of small-molecule kinase inhibitors. However, adaptive
resistance mechanisms compromise the long-term effectiveness of
kinase-targeted therapies, dictating a need for combination strate-
gies'. The traditional combination approach of administering multiple
kinase inhibitorsincurs added risks for off-target toxicities and imposes
difficultiesin achieving balanced and complete inhibition against the
intended targets. An alternative approachis to rationally design small

molecules inhibiting multiple resistance drivers that are sufficiently
selective to avoid unacceptable toxicities.

Epidermal growth factor receptor (EGFR) and phosphatidylino-
sitol 3-OH kinase (PI3K) emerge as potential cotargeting candidates
to test this concept because these oncogenic kinases drive adaptive
resistance across a broad spectrum of human cancers. In head and
neck squamous cell carcinomas (HNSCCs), EGFR and PI3K are each
known to mediate resistance to inhibition of the other*”. Clinical activ-
ity of cetuximab, the only approved kinase-targeted therapy for this
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Fig.1/MTX-531is a potent and selective inhibitor of EGFR and PI3K in vitro. structure; right, a view of MTX-531bound to PI3Ky from the ATP-binding site.

a, Chemical structure of MTX-531. b, Structural features of NVP-AEE788 bound
to EGFR (left) and omipalisib bound to PI3Ky (right). The computational design MTX-531. Selectivity was determined against a panel of 482 protein and lipid
of MTX-531was based on an analysis of X-ray crystal structures of these known kinases by carrying out single-point testing of MTX-531at a final concentration
kinase inhibitors bound to their respective targets. ¢, Crystal structure of EGFR of 10 pMin duplicate assays. Kinases inhibited by >80% at 10 uM were retested
cocomplexed with MTX-531 (PDB 85C7) solved at 2.0 A. Left, the secondary indose-response assays at concentrations tested in duplicate. Depicted here
structure; right, a view of MTX-531bound to EGFR from the ATP-binding site. are kinases inhibited by 50% at concentrations < 3 pM. Thisiillustration was
Graphics were generated by Molegro Virtual Docker 5.5. d, Crystal structure of reproduced courtesy of Cell Signaling Technology (www.cellsignal.com)®.
PI3Ky cocomplexed with MTX-531 (PDB 8SC8) solved at 2.7 A. Left, the secondary

Graphics were generated by Molegro Virtual Docker 5.5. e, Kinase selectivity of
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Table 1| Biochemical potency of MTX-531and comparator PI3K and EGFR inhibitors against purified HER and PI3K family

members

MTX-531 Alpelisib Copanlisib Omipalisib NVP-AEE788 Erlotinib
HER family ICs0 (NM)
EGFR 147 >10,000 >10,000 >10,000 0.31 0.48
HER2 2,500 >10,000 >10,000 >10,000 26.1 192
HER4 >10,000 >10,000 >10,000 >10,000 221 159
PI3K family ICs0 (NM)
PI3Ka 6.4 2.2 017 0.23 >10,000 >10,000
PI3KB 233 2,010 75 17 >10,000 >10,000
PI3Ky 8.3 49.8 0.99 0.62 >10,000 >10,000
PI3KS 11 397 0.16 0.23 >10,000 >10,000
mTOR 105 2,940 18.8 2.4 >10,000 >10,000
DNA-PK 5.4 6,610 17.0 0.15 >10,000 >10,000

DNA-PK, DNA-dependent protein kinase.

disease, is modest®. Molecular aberrations leading to a dysregulation
of PIBK-mTOR (mammalian target of rapamycin) pathway signaling are
foundinupto80% of HNSCCs and confer increased resistance to EGFR
inhibition”®. Treatment failures in the PI3K field have been attributed to
unacceptabletoxicities, in part driven by the need for high exposures
to elicit monotherapy activity’. The PI3Ka inhibitor alpelisib (Pigray)
isthe only approved clinical agent in thistarget class based onits activ-
ity against PIK3CA-mutant advanced breast cancer. Both alpelisib and
the pan-PI3K inhibitor copanlisib restore sensitivity to cetuximab in
preclinical models of HNSCC*™°. However, benefits did not outweigh
risks when these PI3K inhibitors were combined with cetuximabin the
clinic'"?. Design of an efficacious PI3K inhibitor with an improved thera-
peuticindex thatadditionally is not prone to EGFR-mediated adaptive
resistance presents an area of high unmet medical need.

EGFR and PI3K pathway signaling has also been implicated in the
adaptiveresistance of KRAS-mutant and BRAF-mutant colorectal can-
cer (CRC) to RAS-MAPK (mitogen-activated protein kinase) pathway
intervention. Whereas EGFRinhibitors alone are notindicated for the
treatment of KRAS-mutant disease, preclinical findings support their
use in combination with PI3K-mTOR or MEK (MAPK kinase) inhibi-
tors to treat KRAS-mutant CRC™*. In the case of BRAF-mutant CRC,
a negative feedback activation loop activates EGFR in response to
inhibition of BRAF, leading to reactivation of MAPK and PI3K pathway
signaling™ . A combination of encorafenib and cetuximab targeting
BRAF and EGFR, respectively, has become the standard of care for
treatment of BRAF'°® metastatic CRC'®. Further addition of the PI3K
inhibitor alpelisib to this regimen provides added efficacy but comes
at the cost of increased toxicity™°.

The central role of PI3K in oncogenic signaling and the toxicity
challenges associated withits therapeutic targeting are reminiscent of
those faced with RAS. For decades, RAS was considered undruggable
until the breakthrough discovery of Shokat and colleagues reporting
the design of covalent small-molecule inhibitors of KRAS-G12C (ref. 21).
The present study was undertaken to designa PI3K inhibitor that would
be better tolerated than previously reported molecules in this target
class and also be highly selective for both PI3K and EGFR. The combi-
natorial potential of such an agent for the treatment of KRAS-mutant
cancersis noteworthy.

Here, we provide evidence for the feasibility of computationally
designing adualinhibitor of EGFR and PI3K that is highly selective for its
intended targets. Preclinical proof-of-concept studies carried out with
MTX-531((R)-N-(2-chloro-5-(4-((1-phenylethyl)amino)quinazolin-6-yl)
pyridin-3-yl)methane-sulfonamide) showed it to be highly efficacious
asasingleagent to treat HNSCC. Furthermore, we show that MTX-531
improves therapeutic outcome in combination with RAS pathway

interventionin BRAF-mutant and KRAS-mutant CRC and pancreatic can-
cer.MTX-531regimens were well tolerated and efficacious over awide
range of doses in preclinical models. Inaddition, MTX-531 regimens did
not produce a hyperglycemic response as commonly seen with PI3K
inhibitors. Collectively, preclinical data suggest that MTX-531 may be
better tolerated in the clinic compared to previous PI3K inhibitors.

Results

MTX-531is a potent and selective inhibitor of EGFR and PI3K

A structure-based drug design strategy was implemented to identify
MTX-531 (Fig. 1a). Small molecules were rationally designed to inhibit
both EGFR and PI3K in a selective and concurrent manner based on
an analysis of known structural features of NVP-AEE788 (ref. 22) and
omipalisib* bound to EGFR and PI3Ky, respectively (Fig.1b). Whereas
the 6-position of the fused ring of NVP-AEE788 points out toward the
solvent, this position in omipalisib extends toward the back of the
adenosine triphosphate (ATP) pocket of PI3Ky and the specificity
pocket. We leveraged this flipped binding mode of the quinazoline
core between EGFR and PI3Ky to computationally design potent and
selective dual inhibitors of both enzyme families. Pivotal structure—
activity relationship findings leading to MTX-531 are outlined in Sup-
plementary Tables1and 2. X-ray crystal structures of EGFR and PI3Ky
cocomplexed with MTX-531 confirmed the postulated reversed bind-
ingmode of MTX-531to each target. The 1-position of the quinazoline
ring in MTX-531 forms a key hydrogen bond with the backbone amide
of M793 of EGFR (Fig. 1c). The substitution at the 4-position fitsinto a
hydrophobic pocket formed by the aliphatic side chains of K745 and
T790, whereas the hydrophilic group at the 6-position faces outward
toasolvent-accessible area of EGFR. The 1-position of MTX-531forms
ahydrogen bond with the backbone amide of V882 of PI3Ky (Fig. 1d).
Unlike the interactions seen with EGFR, groups at the 6-position of
MTX-531bind withina hydrophilic region of PI3K created by hydrophilic
hydroxyland amine groups of Y867 and K833, respectively. All studies
described here were carried out with the (R)-isomer, whichis -100-fold
more potent against EGFR and ~10-fold less potent against PI3K than
the (S)-isomer. Collectively, the observed binding mode is consistent
with these isomeric potency differences. The methyl substituent of
MTX-531inthe (§)-isomeris oriented toward asterically restricted area
of EGFR, thus hindering binding.

MTX-531 exhibits low-nanomolar potency against purified EGFR
and PI3Ka with half-maximal inhibitory concentration (IC,) values of
15nMand 6.4 nM, respectively (Table 1and Extended Data Fig. 1a,b).
The comparator molecules omipalisib and NVP-AEE788 are ~30-fold
to 50-fold more potent than MTX-531 against PI3K and EGFR, respec-
tively. Clinical development of both molecules was terminated, likely
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Fig.2|MTX-531 cotargets cellular EGFR and PI3K signaling in HNSCC CAL-33
and CAL-27 models. a, Immunoblot analyses of EGFR and PI3K-mTOR pathway
expression in CAL-33 cells treated for 2 h with MTX-531 over a broad dose range.
Theimages are representative of three repetitions of the experiment.

b, Pharmacodynamic activity of MTX-531in CAL-33 tumor-bearing mice treated
with asingle oral dose of 100 mg kg™. Immunoblot analyses of tumorsisolated
at theindicated time points (n = 3 tumors per group) (left) were quantified

by densitometry analyses of phosphorylated kinase expression (right). Data
are representative of two individual experiments and are presented as the
mean +s.e.m. ¢, Antitumor efficacy of MTX-531 against CAL-33 (left; n = S5mice
per group) or CAL-27 (right; n = 6 mice per group) xenografts. MTX-531was
dosed daily by oral gavage at the indicated dosage for 134 days (CAL-33) or

145 days (CAL-27) except for the 100 mg kg™ arm of the CAL-33 study where
dosing stopped after 37 days to monitor the durability of complete responders.
Top, data are shown as the mean tumor volume * s.e.m. An unpaired two-sided

Day of treatment

t-test was carried out to determine statistical significance. Bottom, the effects

of treatment on survival were quantitated by euthanizing individual mice when
tumor burden reached an equivalent size (1,000 mm?for CAL-33 and 500 mm?
for CAL-27). A one-way analysis of variance (ANOVA) comparison among all
groups was carried out to determine statistical significance. d, Antitumor
efficacy of MTX-531 against advanced-stage CAL-33 xenografts. Daily treatment
with MTX-531(100 mg kg™ per os (PO)) was initiated when mean tumor volumes
reached ~500 mm? (n =10 mice per group). Top left, data are shown as the mean
tumor volume *s.e.m. Top right, the effects of treatment on survival were
quantified by euthanizing individual mice when the tumor burden reached

1,000 mm3, Statistical differences in survival between the vehicle-treated and the
MTX-531-treated group were determined using the log-rank (Mantel-Cox) test.
The best individual response of MTX-531-treated mice (bottom left) is depicted in
awaterfall plot (bottom right). **P < 0.01and ***P < 0.0001.

influenced by their toxicity profiles***. The strong potency of MTX-
531 against multiple PI3K family members and mTOR reveals a bio-
chemical profile distinctly different from clinically approved alpelisib
(Pigray) and copanlisib (Aliqopa) (Table1and Extended Data Fig. 1b,c).
Copanlisiband MTX-531share a pan-PI3K inhibitory profile, whereas
alpelisibis 1-3 logs more potent against PI3Ka compared to other PI3K
isoforms. MTX-531is only ~15-fold less potent against mTOR compared
to PI3Ka, afeature distinguishing it from both alpelisib and copanlisib.
Subsequent evaluation of kinome selectivity against abroad panel of
>400 protein and lipid kinases® revealed that MTX-531 is exquisitely
selective for HER (human EGFR) and PI3K family members (Fig. le
and Supplementary Table 3). At 10 uM, only nine protein kinases out-
side of the HER family were inhibited by >80%. Titration of MTX-531
against these nontargeted kinases revealed insignificant inhibition
(ICs 2 0.5 M) against all but maternal embryonic leucine zipper
kinase (MELK; IC,,178 nM) (Extended Data Fig. 1d). Off-target inhibi-
tion of MELK is believed to be inconsequential because MTX-531 had

no cellular effect on MELK at concentrations as high as 5 pM (Extended
DataFig.1e).Screening against a large panel (n = 86) of largely nonki-
nasetargetsinvolvedinclinical adverse drugreactions revealed only
four proteins binding to MTX-531withanIC,, <10 pM (Extended Data
Fig.1fand Supplementary Table 4).

Cellular evidence for MTX-531’s ability to cotarget EGFR and
PI3K was generated in the CAL-33 HNSCC model known to possess
a PIK3CA mutation (H1047R). After a 2-h treatment, MTX-531 dem-
onstrated concentration-dependent inhibition of EGFR, PI3K and
mTOR as measured by lower levels of phosphorylated (p)EGFR, protein
kinase B (Akt) and eukaryotic translation initiation factor 4E-binding
protein 1 (4E-BP1) (Fig. 2a). Balanced cellular inhibition of these tar-
getsisreflected in comparable IC, values (~300 nM), demonstrating
that MTX-531is equipotent at inhibiting both EGFR and PI3K-mTOR
signaling. Furthermore, significant induction of apoptosis as meas-
ured by expression of cleaved poly(ADP-ribose) polymerase (PARP)
was observed when concentrations of MTX-531 approached 1 uM.
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A time-dependent increase in pathway inhibition was shown with
shorter incubation periods (Extended Data Fig. 2a). MTX-531 at 1 pM
resulted in maximal inhibition of pAkt;;os expression (97% inhibition)
in CAL-33 cells within 15 min of addition of drug. Inhibition of pEGFR
expression after 15 min was significant (65% reduction) but did not
reachthe degree ofinhibition (90%) seenat2 hinFig. 2a. Single-target
inhibition of EGFR or PI3K was evaluated in CAL-33 cells treated with
erlotinib or alpelisib (Extended DataFig. 2b). Consistent withits strong
degree of activity in purified enzyme studies (Table 1), erlotinib was
highly potent against pEGFR expression (half-maximal effective con-
centration (EC,) <10 nM) requiring ~2-log higher concentrations to
exert downstream effects on PI3K signaling. Induction of apoptosis
seeninresponse to MTX-531and alpelisib was not seen with erlotinib,
consistent with the rapid onset of apoptosis known to accompany PI3K
inhibition”. The cellular effects of MTX-531 on EGFR and PI3K signal-
ing were further studied in a genomically diverse panel of HNSCC cell
lines (Extended Data Fig. 2c). Equipotent inhibition of both pathways
by MTX-531 was seen in models aberrantly expressing both targets,
including BICR 16 cells that are devoid of a mutation or amplification
of PI3KCA (Extended Data Fig. 2d). This finding likely relates to their
expression of mutant Notch 1, which has been reported to confer vul-
nerability to PI3K-mTOR inhibitionin HNSCC?,

Potent inhibition of PI3K signaling in the syngeneic mouse oral
carcinoma 1 (MOCI1) model provides cellular evidence that MTX-531
is as potent against wild-type PI3K as the mutant enzyme. Gutkind
and colleagues have provided compelling support for the role of
HER3 phosphorylation in driving PI3K-mTOR pathway signaling in
wild-type PIK3CAHNSCC?. We evaluated MOCland CAL-27 cells, which
are wild-type for PIK3CA, for the effects of MTX-531on pHER3 expres-
sion (Extended Data Fig.2e). pHER3 levels in the CAL-27 model, which
shows amplification of EGFR, were significantly reduced in response
to treatment with MTX-531, as were levels of pEGFR and pHER2. The
effects of MTX-531 onthe expression of activated HER family members
were comparatively diminished in MOCI1 cells, which have no known
aberrationin EGFR.

MTX-531 monotherapy leads to regression of HNSCC
xenografts

MTX-531exhibits a favorable drug-like profile, supportingitsadvanced
preclinical development, and exhibits high (-80%) oral bio-
availability in mice, rendering it conducive to oral dosing studies
(Extended Data Fig. 3). An early single-agent in vivo evaluation
of MTX-531focused on a determination of its therapeutic activity
against high-passage HNSCC xenografts because both EGFR and
PI3K have prominent roles in the progression of this disease. EGFR
is overexpressed in roughly 90% of HNSCCs, while widespread acti-
vation of PI3K-mTOR signaling also occurs in >80% of cases™*% 2,
Pharmacodynamic evaluation of CAL-33 tumors excised after asingle
oral dose of MTX-531 showed time-dependent suppression of EGFR
and PI3K-mTOR pathway signaling (Fig. 2b). A >50% reduction in

levels of pEGFR and pAkt was maintained for 24 h in mice dosed at
100 mg kg™. Control levels of pAkty;0s and pSé returned by 48 h, while
pPEGFR expression remained significantly suppressed. A reduced
dose of 25 mg kg also resulted in strong pharmacodynamic activity
with >50% inhibition after a single dose but was not sustainable for
24 h (Extended Data Fig. 4a). Consistent with its pharmacodynamic
activity, MTX-531 was highly efficacious against CAL-33 and CAL-27
xenografts, resulting in 33-100% incidence of complete responses
across abroad dose range (Fig. 2c). Dosing occurred daily until indi-
vidual tumorsreached the same size to facilitate comparative survival
analysis (500 and 1,000 mm? for CAL-27 and CAL-33, respectively).
Studies were terminated >300 days after tumor implantation at which
time the median increase in survival exceeded 1,000% with >50% of
the mice remaining tumor free in all groups dosed at 25 mg kg™ or
greater. MTX-531was also efficacious against CAL-33 tumors reaching
anadvanced stage (-500 mm?®) before initiation of treatment (Fig. 2d).
Daily treatment for 6 weeks led to >355% improvement in median
survival, with objective responses seeninseven of ten mice, including
three complete regressions. MTX-531was further evaluated againsta
heterogeneous panel of PIK3CA-mutant HNSCC PDX models obtained
from the National Cancer Institute (NCI) Patient-Derived Models
Repository (PDMR). Baseline pathway expression analysis showed
consistently high levels of pEGFR in 80% of the models and highly
variable expression of kinases in the PI3K-mTOR pathway (Extended
DataFig. 4b). Representative pharmacodynamic data generated for
these models showed that MTX-531 completely blocked activation of
Akt and S6 within 2 h of dosing (Fig. 3a and Extended Data Fig. 4c).
MTX-531 was highly efficacious against the PDX panel, resulting in
regressions in every model evaluated (Fig. 3b,c and Extended Data
Fig.4d). The HPV model 944545-341-R was an exceptional responder,
asreflected by a50% complete response rate and a>500% increase in
median survival (Fig. 3d). Regressions of 944545-341-R tumors were
durable as three of six mice remained tumor free when the study
was terminated after 172 days of dosing. The collective data across
all five PDX models showed a mean overall response rate of 66% and
anincrease in median survival ranging from 62% to 542% (Extended
Data Fig. 4e).

A head-to-head evaluation of MTX-531 versus a combination
of erlotinib and alpelisib was carried out in the 944545-341-R PDX
model (Fig. 3e). MTX-531 monotherapy resulted in a mean tumor
regression of 70%, whereas no regressions were observed in the erlo-
tinib-alpelisib combination arm. Higher doses of alpelisib were not
toleratedin the combination regimen (Extended Data Fig. 5a). MTX-
531, administered daily at 100 mg kg™, was well tolerated throughout
allHNSCC PDX studies. Mice continued to gain weight for the duration
of dosing, exceeding 10 weeks in one study (Extended Data Fig. 5b).
MTX-531was also tolerated at 150 mg kg™, leading to a further boost
inefficacy against 848979-319-R xenografts and a threefold improve-
ment in median survival compared to mice treated at 100 mg kg™
(Extended Data Fig. 5c).

Fig. 3| MTX-531inhibits EGFR and PI3K-mTOR signaling and tumor growthin
HNSCCPDX models. a, Pharmacodynamic modulation of EGFR and PI3K-mTOR
pathway expression in NCI 848979-319-R xenografts 2 h after asingle oral dose
0f 100 mg kg MTX-531 (n = 5 mice per group) followed by immunoblot analysis
and quantification by densitometry (right). Data are presented as the mean
values + s.e.m. and are representative of two individual experiments.

b, Tumor growth inhibition after oral daily administration of 100 mg kg™ MTX-
531to mice implanted with PIK3CA-mutant HNSCC PDX models NCI 245127-
232-R(n=6 mice per group), NCI354836-022-R (n = 5 mice per group), NCI
455876-151-R (n = 8 mice per group), NCI 848979-319-R (n = 8 mice per group)
and NCI944545-341-R (n = 6 mice per group). Data are shown as the mean tumor
volume + s.e.m. Statistical differences in tumor growth rates for MTX-531 versus
vehicle treatment were determined using a linear mixed model (Extended Data
Fig.4c).c, Waterfall plot of the best individual response of mice treated with

MTX-531inb. The percentage increase in tumor burden observed in the vehicle-
treated mice ranged between 773% and 912% across models. d, Left, extension in
survival of NCI944545-341-R tumor-bearing mice (n = 6 mice per group). Mice
were treated with MTX-531 (100 mg kg™ PO) daily for 155 days or until tumor
burden reached 1,000 mm?3. Statistical differences in survival between the two
arms was determined using the log-rank (Mantel-Cox) test. Right, plot depicting
the duration of treatment required to elicit objective responses in individual
mice. e, Antitumor efficacy of MTX-531 versus combination of erlotinib and
alpelisib against NCl 944545-341-R xenografts. Mice (n = 8 mice per group) were
treated daily for 14 days at the indicated doses. Data are shown as the mean
change in tumor volume + s.e.m. (left) and the mean change in tumor volume
over time (middle). Statistical significance was determined by a one-way ANOVA
comparisonamong all groups. Right, the effects of treatment on body weight
change +s.e.m.*P<0.05,**P<0.01,**P< 0.001and ***P < 0.0001.
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Fig. 4| Combination of MTX-531 with the MEK inhibitor trametinib leads to
regressions in BRAF-mutant and KRAS-mutant CRC models. Tumor growth
inhibition after treatment with MTX-531, trametinib or their combination
administered orally to mice bearing KRAS-A146 T NCI CN0375-F725 PDX tumors
(a; n=5mice per group) or BRAF-V600E UM-CRC 14-929 PDX tumors (b;n=5
mice per group). Top left, data are shown as the mean tumor volume + s.e.m. Top
right, the best antitumor response seen in individual animals from each group
is shown as awaterfall plot. The percentage increase in tumor burden observed
inthe vehicle-treated mice during these studies was 887% (NCI CN0375-F725) or
844% (UM-CRC14-929). Bottom, the extension in survival conferred by each of
the single agents and their combination. Effects of treatment on survival were

quantified by euthanizing individual mice when the tumor burden reached 1000
mm?. Increase in lifespan (ILS) was determined from comparative survival of
median animals in the treated versus control groups. A linear mixed model fit was
used to determine the statistical significance of tumor growth rate differences
and a Wald test was used for asignificance test between the different groups.
*P<0.05,**P<0.001and ***P < 0.0001. Bottom right, pharmacodynamic
modulation of EGFR and PI3K-mTOR pathway expression was evaluatedin
UM-CRC 14-929 xenografts. Mice were treated for 5 days at the same doses

as studied in the efficacy experiment. Tumors were excised 2 h after the fifth
treatment, followed by immunoblot analysis (n =3 tumors per group). Dataare
representative of two individual experiments.

MTX-531 potentiates MEK inhibition in CRC

Triple combinations directed against EGFR (cetuximab), PI3K
(alpelisib) and downstream MAPK pathway targets (encorafenib
or trametinib), while scientifically sound, have proven challenging
in part because of poor tolerability'*?°. Because MTX-531 targets
two of the three critical signaling nodes targeted in these trials,
we investigated the therapeutic impact of combining it with the
MEK inhibitor trametinib to treat KRAS-mutant and BRAF-mutant
CRC PDX models. NCI CN0375-F725 (KRAS-A136T) xenografts did

not respond to single-agent treatment with trametinib or MTX-531
(Fig. 4a). However, an 80% objective response rate was achieved
in the combination arm, where animals exhibited a 467% median
increase in survival.

The combination of MTX-531and trametinib was also efficaciousin
aBRAF*°° -mutant CRC PDX model (UM-CRC14-929) (Fig. 3b). Whereas
trametinib was inactive, MTX-531 monotherapy led to tumor stasis in
mostanimals. The combination of MTX-531and trametinibled toafur-
therimprovementin efficacy, reflected by a40% partial responserate.
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Fig. 5| The combination of MTX-531and sotorasib leads to regressions of
KRAS®?‘-mutant CRC and pancreatic tumors. a, Tumor growth inhibition was
evaluated in response to treatment with MTX-531, sotorasib or their combination
administered orally to mice bearing KRAS“*‘-mutant xenografts. Studies were
carried outin CRC PDX models NCI135848-042-T (left) and B8239 (middle) and
the pancreatic MIA PaCa-2 model (right) (n = 5mice per group). Top, dataare
shown as the mean tumor volume + s.e.m. Bottom, the best antitumor response
seeninindividual animals from each group is shown as a waterfall plot. The
percentage increase in tumor burden observed in vehicle-treated mice was 434%
(NCI135848-042-T), 838% (B8239) and 970% (MIA PaCa-2). A linear mixed model fit
was used to determine the statistical significance of tumor growth rate differences
and a Wald test was used to determine significance between groups. *P< 0.05,
***P<0.001and ***P< 0.0001). b, Top, therapeutic response of B8324 xenografts
to treatment with MTX-531, sotorasib or their combination (n =5 mice per group).

- 97

B8324 is a KRAS*“-mutant CRC PDX model established after progression during
clinical treatment with the combination of sotorasib and panitumumab. Top left,
dataare shown as the mean tumor volume * s.e.m. Top right, the best antitumor
response seen inindividual animals from each group is shown as a waterfall plot.
The percentage increase in tumor burden observed in vehicle-treated mice was
817%. Alinear mixed model fit was used to determine the statistical significance of
tumor growth rate differences and a Wald test was used to determine significance
between different groups. **P < 0.001 and ***P < 0.0001. Bottom left,
pharmacodynamic modulation of EGFR and PI3K-mTOR pathway expressionin
B8324 xenografts. Tumors were excised 2 h after treatment with a single oral dose
0f100 mg kg MTX-531,100 mg kg sotorasib or their combination, followed

by immunoblot analysis (n = 3 tumors per group) and quantification of kinase
expression by densitometry. Bottom right, representative data are presented as
the mean * s.e.m. of two individual experiments.

Apharmacodynamicassessmentof kinase expression in excised tumors
fromthe combination armshowed astriking 97% reductionin pSé6 lev-
els consistent withimproved efficacy over single-agent performance

(Fig. 4b). Addition of 1 mg kg™ trametinib to the daily dosing regimen
of MTX-531adopted in the monotherapy studies (100 mg kg™) was well
tolerated and did not lead to body weight loss (Extended Data Fig. 5d).
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MTX-531is synergistic with KRAS-G12C inhibition

Agents directly targeting KRAS-G12C have limited activity against
KRAS®?“-mutant CRC in part because of EGFR-mediated reactivation
of extracellular signal-regulated kinase (ERK) signaling, leading to
combination trials with agents directed against KRAS-G12C and EGFR
(ref. 33). However, secondary resistance mechanisms driven by other
receptor tyrosine kinases (RTKs) or upregulation of mTOR signaling
limit the durability of response to this combination strategy***. On
the basis of its EGFR-PI3K-mTOR-inhibitory profile, we anticipated
that MTX-531would prove efficacious in combination with KRAS-G12C
inhibitors. This hypothesis is supported by data generated from the
combination of the KRAS-G12C inhibitor sotorasib with MTX-531in mice
bearing KRAS®*“-mutant CRC or pancreatic tumors. Dosing of the NCI
135848-042-T CRC xenografts, which additionally harbor mutationsin
mTOR (S2215F) and ERBB2 (S310F), was curtailed to 10 days owing to
>10%body weight loss in control animals. Nonetheless, tumor stasis was
observed inthe combination armin contrast to inactivity in response
to either single agent (Fig. 5a, left). B8239 CRC xenografts, which are
alsomutated in PIK3CA (H1047R) were modestly sensitive to sotorasib
alone and comparatively more responsive to the single agent MTX-531,
which elicited a40% objective responserate (Fig. 5a, middle). However,
treatment of B8239 tumor-bearing mice with the combination of soto-
rasib and MTX-531led to a100% incidence of partial regressions. The
combination of sotorasib and MTX-531 was most efficacious against
MIA PaCa-2 xenografts, where all mice showed complete regressions,
surpassing the 40% incidence of complete regressions seen with the
single agent sotorasib (Fig. 5a, right).

MTX-531was further evaluated in B8324, a CRC KRAS“*“-mutant
PIK3CA®***-mutant PDX model established froma patient after progres-
siononacombinationregimen of sotorasib and panitumumab. B8324
xenografts were refractory to sotorasib treatment alone, consistent
with clinical progression, yet sensitive to a single-agent treatment with
MTX-531, as reflected by a 60% objective response rate (Fig. 5b). The
combination of MTX-531and sotorasib was exceptionally well tolerated
(Extended DataFig. 5e) and led to a100% incidence of regressions and
complete regressions in 40% of the group. Tumors excised from the
combination arm showed asignificantincrease in apoptosis, as meas-
ured by increased expression of cleaved PARP, and strong suppression
of PI3K-mTOR signaling, reflected by >90% and >80% inhibition of
pAktand pp70S6K expression, respectively (Fig. 5b, right). In contrast,
MTX-531resultedinamodest14% reductionin pEGFR expressionin this
KRAS-PIK3CA-mutant model.

MTX-531does not lead to hyperglycemiain mice

Hyperglycemia is the most common on-target side effect of PI3K
inhibitors because of the central role of PI3Ka in insulin signaling.
Because MTX-531is a pan-PI3K inhibitor, the observation that mice
dosed at therapeutic levels did not show a significant rise in blood
glucose levels was unexpected (Fig. 6a). Consistent with the absence of
hyperglycemia, MTX-531 treatment also had no effect on blood insulin
levels, unlike alpelisib, which elicited a significant rise in both plasma
glucose and insulin levels (Fig. 6b). This result was confirmed upon
testing an expanded panel of PI3K inhibitors including both clinically
approved and failed agents (Fig. 6¢). An escalation in dose of MTX-531to
150 mg kg™ also failed toinduce hyperglycemia. Cantley and colleagues
reported a role for systemic glucose-insulin feedback in mediating
thereactivation of PI3K signaling in tumors treated with a PI3K inhibi-
tor’. They showed that mice bearing syngeneic Kras; Tp53;Pdx-Cre
(KPC) pancreatic tumors failed to respond to alpelisib unless placed
on aketogenic diet. When we directly compared the antitumor activ-
ity of MTX-531to alpelisib inthe KPC model, both molecules inhibited
PI3K signaling in the 10-100 nM range in cultured cells, with alpelisib
being ~5-fold more potent (Extended Data Fig. 6a). However, in KPC
tumor-bearing mice, striking differences were observedin their activity.
All control and alpelisib-treated mice were euthanized before 2 weeks

of dosing could be completed, reflecting the highly aggressive nature
of this tumor model (Fig. 6d). In contrast, tumor stasis was observed
in MTX-531-treated mice. The impact of MTX-531 on median survival
(215% increase) was comparable to that shown for mice treated with
alpelisib and placed on a ketogenic diet**. Furthermore, insulin levels
in CAL-33 and KPC tumors were significantly elevated in response to
alplelisib but not MTX-531, consistent with differencesin the circulat-
ing levels of insulin (Fig. 6e). Collectively, these studies suggest that
MTX-531may be less prone to insulin-mediated feedback mechanisms
that compromise the antitumor activity of PI3K inhibitors. An evalua-
tion of pAkt expression in KPC tumors and normal tissues involved in
maintaining glucose homeostasis (namely, liver and skeletal muscle)
confirmed that MTX-531 inhibited PI3K in both tumors and normal
tissues within 2 h of dosing (Extended Data Fig. 6b,c).

Peroxisome proliferator-activated receptor-y (PPARy)
agonismis aunique feature of MTX-531

We hypothesized that the absence of hyperglycemia in mice treated
with MTX-531 stems from the molecule’s unique ability to act as an
agonist of the nuclear hormone receptor PPARY. Time-resolved fluo-
rescence resonance energy transfer (TR-FRET) competitive binding
assays showed MTX-531 to be a weak agonist of PPARy (IC, = 2.5 pM)
and inactive against PPARa and PPARG at concentrations as high as
100 pM (Fig. 7a,b). The intracellular effects of MTX-531 on PPARy
activity were evaluated in reporter gene assays carried out in 293H
cells, where agonist activity was shown against PPARy (ECs, = 3.4 pM;
Fig. 7a, right) with significantly less potency compared to rosiglita-
zone (EC,, =14 nM). The expression of PPARy target genes involved in
the induction of adipocyte differentiation was measured by reverse
transcription (RT)-qPCR in treated 3T3-L1 cells, providing further
evidence for a functional interaction between MTX-531 and PPARYy.
The 3T3-L1 preadipocytes were cultured in differentiation induction
medium containing MTX-531 (10 pM) or rosiglitazone (1 uM) for 8 or
24 hfollowed by an assessment of the gene expression of adipocyte
markers PPARy (encoded by Pparg), lipoprotein lipase (encoded by
Lpl) and adiponectin (encoded by Adipoq) (Fig.7c). These markers are
known to be upregulated in response to rosiglitazone®. The maximal
induction of PPARy ranged from twofold to fourfold in response toboth
compounds, providing further support for the ability of MTX-531to act
asanagonist of PPARYy. At the protein level, the extent of upregulation
inexpression levels of both PPARy1and PPARy2 were again consistent
with the significant potency differences between rosiglitazone and
MTX-531 (Fig. 7c, right).

We next sought to generate an X-ray crystal structure of MTX-531
bound to PPARY to provide structural evidence for their interaction.
The three-dimensional complex of PPARy and MTX-531 was solved from
crystals diffracted to1.9-A resolution (Fig. 7d). Clear electron density at
the compound-bindingsite revealed binding of the entire compound,
allowing an unambiguous placement of the ligand (Fig. 7e). The final
solved structure contains two molecules of PPARy (chains A and B) and
one molecule of MTX-531bound to chain B. The PPARy ligand-binding
region is known to be a large, mostly hydrophobic cavity capable of
binding a wide variety of small molecules. The quinazoline core of
MTX-531appearstositinapocket of PPARy formed by stacking of the
aliphaticside chains of L330 and R288 (Fig.7d). The functional groups
atthe 6-position quinazoline coreinMTX-531bind at asite distinct from
the orthosteric pocket that binds rosiglitazone (Fig. 7f).

Discussion

There are few examples of approved kinase-targeted drugs that lead
to durable single-agent activity. The PI3K-mTOR pathway drives
resistance to a broad assortment of targeted therapies, including
highly selective allosteric MEK inhibitors and covalent inhibitors of
KRAS-GI2C (refs.38-41). Design of MTX-531 was driven by the concept
of developing a single molecule capable of selectively targeting the
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Fig. 6 | MTX-531does not lead to hyperglycemia at therapeutic dose levels.
a, Mice (n=5mice per group) were treated with a single oral dose of MTX-531
(100 mg kg™), followed by measurement of blood glucose and plasmainsulin
levels over 24 h. b, Right, MTX-531 (100 mg kg™) and alpelisib (50 mg kg™)

were compared for their effects on blood glucose and plasmainsulin levels

in mice treated with a single oral dose (n = 6 mice per group). Data are shown
asthe mean + s.e.m. Blood glucose data are representative of four individual
experiments. Insulin data are representative of three individual experiments.
¢,Blood glucose levels in mice treated with a panel of PI3K inhibitors (n=8

mice per group for vehicle, MTX-531, alpelisib or buparlisib; n = 5 mice per
group for copanlisib and taselisib; n = 3 mice per group for omipalisib). Data
arerepresentative of two individual experiments. d, Top left, comparative
efficacy of MTX-531 versus alpelisib against subcutaneous KPC tumors. Data are
shown as the mean tumor volume * s.e.m. (n = 8 mice per group). The statistical
significance of differences in tumor growth was determined using a linear mixed
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model. ****P < 0.0001. Top right, the best antitumor response of individual
animals from each group is shown as a waterfall plot. The percentage increase in
tumor burden in the control group was 679%. Bottom, extension of survival of
KPC-implanted mice treated daily with MTX-531 or alpelisib. Mice were treated
daily for 65 days or until tumor burden reached 500 mm?®. Statistical differences
insurvival between the vehicle-treated and MTX-531-treated groups was
determined using the log-rank (Mantel-Cox) test. ****P < 0.0001. e, Mean + s.e.m.
insulin concentrations in tumors excised from mice treated orally for 5 days with
alpelisib (50 mg kg™) or MTX-531 (100 mg kg™) (n = 5 tumors per group). Dataare
representative of two individual experiments. Statistical differences ininsulin
levels between treatment groups were determined using an unpaired two-sided
t-test (CAL-33: vehicle versus alpelisib, P= 0.0047; vehicle versus MTX-531, not
significant; alpelisib versus MTX-531, P= 0.0075; KPC: vehicle versus alpelisib,
P<0.0001; vehicle versus MTX-531, P= 0.0065; alpelisib versus MTX-531,
P<0.0001).

PI3K-mTOR pathway and EGFR. Such a molecule would ostensibly be
useful to deliver single-agent therapy to selected patient populations,
for example, HNSCC, where EGFR and PI3K-mTOR signaling drives
progression. Furthermore, this approach could provide an attractive
candidate for combination with RAS pathway inhibitors, which are
subverted by these resistance drivers. The combination of cetuximab
and adagrasib nearly doubled the RECIST (response evaluation criteria
insolid tumors) response rate compared to adagrasib monotherapyin
patients with KRAS“>-mutant CRC**. Nonetheless, secondary resistance
to cotargeting EGFR and KRAS-G12C, in some cases driven by upregu-
lation of mTOR signaling, has been reported in CRC*. MTX-531, by
virtue of its dual inhibitory activity against EGFR and the PI3K-mTOR
pathway, offers a single-molecule strategy for overcoming multiple
resistance mechanisms encountered in KRAS®“-mutant CRC. It is
promising that MTX-531 monotherapy led to tumor regressions in
the two PIK3CA-mutant KRAS®**-mutant CRC PDX models studied here.

Like KRAS, activating mutations in PIK3CA are associated with clinical
resistance of CRC to EGFR-targeted therapies****. Tumors harboring
mutationsinboth KRAS and PIK3CA frequently require effective inhibi-
tion of dual MEK-ERK and PI3K-Akt pathway signaling®.
MTX-531was rationally designed to inhibit EGFR and PI3K, selec-
tively and concurrently. Thereversed binding mode of the quinazoline
corebetween EGFR and PI3Ky was animportant elementin the design
of MTX-531, which shows low-nanomolar potency against both of
itsintended targets. Knight and colleagues were the first to report
the feasibility of designing dual inhibitors of tyrosine and phospho-
inositide kinases*. Through iterative medicinal chemistry and X-ray
crystallography, they identified molecules that adopt a single bind-
ing mode to inhibit PI3Ks and multiple tyrosine kinases with a high
degree of potency. In contrast, MTX-531 is a remarkably selective
ATP-competitive protein kinase inhibitor. Only four of 432 kinases
tested were found to exhibit an IC, <1 pM and none came within
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Fig.7 | MTX-531acts as an agonist of PPARY. a, Left, in acompetitive binding
assay, MTX-531displaced the PPARy agonist GW1929 with an EC,,0f 2.5 uM
(R?=0.9712). Right, MTX-531was further shown to be a weak activator of PPARy in
acell-based transcription assay carried out in PPARy-UAS-bla HEK 293H cells with
an EC,,0f 3.4 UM (R? = 0.9898). Data from both studies are representative of two
individual experiments carried out at concentrations tested in duplicate.

b, MTX-531did not exhibit activity when titrated across a ten-point concentration
range to test for competitive binding to PPARa against GW7647 (left) and PPARS
against GW0742 (right). Data are representative of two studies carried out at
concentrations tested in duplicate. ¢, Left, PPARy target gene expression levels
were analyzed in quadruplicate by RT-qPCR analysis of total RNA extracts from
3T3-L1cells treated with differentiation medium containing rosiglitazone or MTX-
531for 8 or 24 h. Data are shown as the mean and upper-lower limits of RQ. A two-
tailed, unpaired t-test or Mann-Whitney test was used to determine the statistical
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differences between treatment groups. *P = 0.0286, **P = 0.0213, ***P=0.0001
and ***P < 0.0001. Right, animmunoblot analysis of PPARy expression was
carried outin 3T3-L1adipocytes at 7 days after induction of differentiation. PCR
and immunoblotting data are representative of two independent experiments.
d, Crystal structure of PPARy cocomplexed with MTX-531solved at 1.9 A (PDB
8SC9). Left, the secondary structure; right, a view of MTX-531 bound to PPARY
from the ligand-binding pocket. e, Electron density maps of the MTX-531-binding
site of PPARY. Top, the initial F, — F. difference electron density map of the model
(contoured at 3.0 o) before modeling of the compound with BUSTER. Shown is the
region of the compound-binding site in chain B and the final refined coordinates.
Bottom, the final 2F, - F_electron density map (contoured at 1.0 o) resulting from
refinement of the final model. Shown is the region of the compound-binding

site. f, Overlay of MTX-531 X-ray binding models with commercial PPARy agonists
rosiglitazone (PDB 4EMA) and pioglitazone (PDB 2XKW).

tenfold of MTX-531's on-target potency against EGFR (ICs, = 15 nM).
Erlotinib, which is roughly one log more potent against EGFR than
MTX-531, was reported to exhibit an IC;, < 1 pM against a minimum of
20 off-target kinases".

Preclinical proof of concept supporting advanced development of
MTX-531comesin part from monotherapy studies conducted against
HNSCC models, where objective responses were observed in all mod-
els tested. While every HNSCC PDX model studied here was mutated
in PIK3CA, it remains unclear whether this marker is a prerequisite
for efficacy. We find this unlikely because genes encoding multiple

kinases in the PI3K-mTOR pathway are mutated in HNSCC, including
other PIK3Cisoforms, AKT, PTEN, MTOR and RICTOR’. Furthermore,
differencesin PIK3CA hotspots are observed when comparing human
papillomavirus (HPV)* to HPV™ cases. PIK3CA mutations occur pre-
dominantly in the helical domain in HPV* HNSCC but throughout the
genein HPV HNSCC*. Itis noteworthy that the exceptional responder
model NCI1944545-341-R is HPV™ and the only PDX model tested here
thatharborsamutation (H1047R) in the PIK3CA kinase domain. Further-
more, the expression of both pPRAS40 and p4E-BP1 was significantly
upregulated in 944545-341-R (Extended Data Fig. 4b). Interestingly,
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pPRAS40 hasbeenreported to correlate with insulin-like growth factor
1receptor-induced resistance to EGFR inhibition in HNSCC*’. PRAS40
isaninhibitor of mTOR that leads to increased mTOR signaling upon
phosphorylation by Akt*°. Given the pan-PI3K-mTOR-inhibitory profile
of MTX-531, its striking activity against 944545-341-R tumorsis perhaps
notsurprising. mTOR has been reported to restrain the tumor suppres-
sor function of 4E-BP1 by phosphorylation, which can be reactivated
inresponse to mTOR inhibition®.

The effectiveness of MTX-531 at inhibiting both EGFR and PI3K-
mTOR signaling is likely a major factor in its strong efficacy against
KRAS®?“-mutant CRC. EGFRsignaling has been identified as the domi-
nant mechanism of CRC resistance to KRAS-G12C-targeted agents™®.
The later discovery that cotargeting of EGFR and KRAS-G12C leads to
upregulation of mTOR signalingillustrates the robust adaptive capacity
ofthese tumors torely onbypass signaling routes tosurvive®, Targeting
mTOR signaling to prevent adaptive resistance to KRAS inhibitors has
alsobeenreported for non-small cell lung cancer and pancreatic cancer
models*>**. The importance of sustained mTOR inhibition to prevent
resistance also extends to therapeutics targeting EGFR or PI3K**.

Because the PI3K-Akt-mTOR pathway is the most frequently dys-
regulated pathway in human cancers, it has received intense scrutiny
from the drug discovery community. Consequently, a multitude of
drug candidates targeting this pathway have advanced to the clinic’.
Unfortunately, most trials have failed because of poor tolerability,
drug resistance and inability to deliver single-agent efficacy. MTX-
531 has the potential to challenge the widely accepted view that dual
PI3K-mTORinhibitors areinherently more toxic thanisoform-specific
PI3Kinhibitors. Treatment withMTX-531led to complete regressions of
CAL-33 xenografts over awide dose range spanning 25t0100 mg kg™
In contrast, alpelisib (BYL-719, Piqray), the only clinically approved
PI3Ka-selective inhibitor, resulted in stasis but not regressions of
CAL-33 tumors®. The favorable therapeutic index seen with MTX-531
inpreclinical animal studies allays concerns regarding overlapping tox-
icitiesincurred from cotargeting EGFR and PI3K. MTX-531 represents
auniquesingle-molecule approach to balanced combination therapy
that minimizes off-target effects while eliminating the need to optimize
the pharmacokinetic profiles of multiple agents. Whereas genomic
heterogeneity mayimpact therelative contribution of EGFR versus PI3K
inhibition to the overall activity of MTX-531against individual tumors,
thereciprocalroles of these kinases in driving adaptive resistance will
likely promote the durability of response.

It is noteworthy that hyperglycemia was reported to be prob-
lematic when the approved PI3K inhibitors, alpelisib or copanlisib,
were combined with cetuximab in clinical trials*. The finding that
MTX-531 does not lead to PI3K inhibitor-induced hyperglycemia in
mice is encouraging because that side effect iscommon to both mice
and humans. In clinical trials, hyperglycemia has become a surrogate
biomarker for the demonstration of effective PI3K inhibition result-
ing from a disruption of systemic glucose homeostasis. Interestingly,
PI3Ka-selective inhibitors have been reported to possess animproved
preclinical therapeutic window compared to pan-PI3K inhibitors based
ontheir reduced propensity for hyperglycemia®. However, we found
that PI3K inhibitors from both classes led to an elevation in blood
glucose levels, a property not shared with MTX-531. Our working
hypothesis is that the agonistic activity of MTX-531 against PPARy
counteracts PI3K-driven hyperglycemia. PPARy agonists are com-
monly used in the treatment of type 2 diabetes to increase sensitivity
toinsulin. Consistent with our data, Powis and colleagues reported that
the thiazolidinedione pioglitazone prevents hyperglycemia caused
by the PI3K inhibitor PX-866 (ref. 57). MTX-531is a pan-PI3K inhibitor
that uniquely does not cause hyperglycemia. Consistent with this
observation, mice treated withMTX-531do not need tobe placedona
ketogenic diet to be active against highly aggressive KPC tumors and
may be less susceptible to the insulin-mediated reactivation of PI3K
signaling reported for alpelisib®.

Ultimately, MTX-531 will require clinical testing to validate its
favorable preclinical toxicity profile. If thismolecule proves to be well
tolerated in patients, its versatility in both single-agent and combina-
tion settings offers abreadth of development strategies that continue
toevolve as combination candidates becomeavailable. Future avenues
of exploration include KRAS®**-mutant cancers where the HER family
and the S6 pathway impact the response to KRAS-G12D inhibitors®,
As a single agent, MTX-531 could be envisioned to have a role in the
treatment of not only HSNCC but also squamous lung cancers®, as
well as a subset of triple-negative breast cancers driven by EGFR and
PI3K®. MTX-531, which has the unique capability of concurrently and
selectively inhibiting EGFR, PI3K and mTOR, illustrates the power of
rational computational drug design to target multiple adaptive resist-
ance mechanisms in a single molecule.

Methods

Crystallization studies

The specific constructs used were G696-G1022 (Protein Data Bank
(PDB) 2GS2) for EGFR®, S144-A1102 (PDB 1E8Y) for PIK3CG® and
L232-Y505 of UniProt entry P37231-2 (PDB 3SZ1) for PPARG®.

Crystals of apo-EGFR were obtained using hanging-drop vapor
diffusion setups and EGFR at a concentration of 5.6 mg ml™ (25 mM
Tris-HCI, 50 mM NaCl and 2 mM DTT; pH 7.5). The protein solution
(2 pl) was mixed with 0.6 pl of reservoir solution (0.10 MHEPES-NaOH
pH 6.70 and1.05 M Na-succinate pH 7.00) and equilibrated at 12 °C over
0.4 ml of reservoir solution. Well-diffracting crystals were selected for
data collection after 13 days. Crystals were soaked for 3.5 hwith1 mM
MTX-531in30% solubilizing mix1(12.5% v/v diethylene glycol, 25% v/v
ethyleneglycol,12.5% v/v1,2-propanediol, 25% v/v dimethyl sulfoxide
and 25% v/v1,4-dioxane).

Crystals of apo-PI3Ky were obtained using hanging-drop vapor
diffusion setups and PI3Ky at a concentration of 7.1 mg ml™ (20 mM
Tris-HCI, 0.5 mM ammonium sulfate, 5mM DTT, 0.02% (v/v) CHAPS
and 1% ethylene glycol; pH 7.2). Then, 1 pl of the protein solution was
mixed with 1 pl of reservoir solution (100 mM Tris-HCI pH 8.2,0.2M
lithiumsulfate and 15% (w/v) PEG4000) and equilibrated at 20 °C over
300 plofreservoir solution. Well-diffracting crystals were selected for
soaking after 20 days. Crystals were soaked with5 mMMTX-531for16 h
in 30% ligand solubilization mix 4 (12.5% v/v diethylene glycol, 12.5%
v/vglycerol,12.5%, v/v1,2-propanediol, 25% v/v dimethyl sulfoxide and
25%v/v1,4-dioxane).

Crystals of apo-PPARy were obtained using sitting-drop vapor
diffusion setups. An aliquot (0.2 pl) of the PPARY protein solution
at a concentration of 8.9 mg ml™ (20 mM Tris-HCI, 100 mM NaCl, 5%
glyceroland1 mM TCEP; pH 8.0) was mixed with 0.1 pl of reservoir solu-
tion (0.10 M Bis-Tris-propane pH 9.00 and 2.20 M (NH,),-sulfate) and
equilibrated at 20 °C over 70 pl of reservoir solution. Well-diffracting
crystals were selected for data collection after 11 days. Crystals were
soaked for 20 hwith 2.5 mM MTX-531.

Complete datasets of 2.0 A, 2.7 A and 1.9 A were collected for
EGFR-MTX-531and PI3Ky-MTX-531crystals at the European Synchro-
tron Radiation Facility (beamline ID30al). A complete 1.9-A dataset
of a PPARYy-MTX-531 crystal was collected at the Swiss Light Source
(Paul Scherrer Institute, beamline PXI). Refinement statistics for
these X-ray crystal structures are provided in Supplementary Table 5.
The data were integrated, analyzed and scaled by the programs XDS,
Pointless, Aimless and STARANISO from within the autoPROC pipeline.

Biochemical kinase assays

All biochemical kinase profiling was carried out at Thermo Fisher
Scientific using the Z-Lyte, LanthaScreen or Adapta assay formats as
previously reported by our group®*. All assays were carried out at the
predetermined ATP K, apparent for that kinase. Dose-response curves
were curve-fit to model number 205 (sigmoidal dose-response model)
using XLfit graphing software from IDBS.
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Nuclear receptor assays

LanthaScreen TR-FRET competitive binding assays were carried out
at Thermo Fisher Scientific for screening MTX-531 against the family
of PPAR nuclear hormone receptors. Compounds were screened in
1% DMSO (final concentration) and threefold serial dilutions were
conducted for ten-point titrations. A known inhibitor was titrated on
each plate (GW1929 (PPARY), GW7647 (PPARa) and GW0742 (PPARf))
toensure that reference compounds were displaced withinan expected
IC5,range previously determined. Dose-response curves were curve-fit
to model number 205 (sigmoidal dose-response model) using XLfit
graphing software from IDBS.

Intracellular effects on the PPARY nuclear hormone receptor
were determined at Thermo Fisher Scientific using GeneBLAzer
B-lactamase reporter technology. PPARy-UAS-bla HEK 293T cells were
thawed and resuspended in assay medium (DMEM phenol red free, 2%
CD-treated FBS, 0.1 mM NEAA, 1 mM sodium pyruvate and 100 U per
ml+100 pg ml™ penicillin-streptomycin) toa concentration of 9.4 x 10°
cells per ml. Then, 4 pl of atenfold serial dilution of rosiglitazone (con-
trol agonist starting concentration, 316 nM) or MTX-531 was added to
appropriate wells of a 384-well poly(D-lysine) assay plate. Next, 32 pl
of cell suspension (30,000 cells) was added to each well, followed by
4 pl of assay medium to bring the final assay volume to 40 pl. Plates
wereincubated for 16-24 h at 37 °C, 5% CO, in a humidified incubator.
Plates were incubated at room temperature for 2 h followed by deter-
mination of fluorescence. A 2’ factor of 0.5 was required to meet the
quality control criteria.

Reagents, cell lines and PDX models

MTX-531was synthesized at WuXi AppTec. Alpelisib (A-4477), erlotinib
(E-4997) and trametinib (T-8123) were purchased from LC Labs. Soto-
rasib (C-1499) was purchased from Chemgood. Omipalisib (6792) was
purchased from Tocris. Buparlisib (HY-70063), copanlisib (HY-15346),
taselisib (HY-13898) and OTSSP167 (HY-15512A) were purchased from
MedChemExpress. Rosiglitazone (NC9560589) was purchased from
Cayman Chemical. Bovine insulin (10516), hydrocortisone (H4001)
and 1-methyl-3-isobutylxanthine (IBMX; 15879) were purchased from
MilliporeSigma. Dexamethasone (API-04) was purchased from G Bio-
sciences. Human epidermal growth factor (hEGF; PHG0313) was pur-
chased from Gibco (Thermo Fisher Scientific).

CAL-27 (ACC 446) and CAL-33 (ACC 447) cell lines were obtained
fromthe Leibniz Institute DSMZ German Collection of Microorganisms
and Cell Cultures. BICR 16 (06031001) and BICR 56 (06031002) cell
lines were obtained from the European Collection of Authenticated
Cell Cultures. MIA PaCa-2 (CRL-1420), 3T3-L1 (CL-173) and Detroit 562
(CCL-138) cell lines were obtained from the American Type Culture
Collection (ATCC). The MOC1 (EWLOO1-FP) cell line was obtained from
KeraFast. KPC tumors originated from 65-671 cells (FVB/N strain),
which were kindly provided by M. Pasca di Magliano (University of
Michigan)®. The following models were received from the NCIPDMR
ascryopreserved cells: 135848-042-T, 455876-151-R, 848979-319-Rand
CNO0375-F725-PDC. The following models were received from the NCI
PDMR as cryopreserved tumor fragments: 245127-232-R, 354836-022-R
and 944545-341-R. The PDX model CRC 14-929 was established at the
University of Michigan (Leopold lab)“. The PDX models B8239 and
B8324 were developed at the MD Anderson Cancer Center (Kopetz
lab). Animal models established from persons with CRC required
informed consent under institutional review board-approved proto-
colsHUM00065489 and LAB10-0982 at the University of Michigan and
MD Anderson Cancer Center, respectively. Demographic data for the
PDX modelsusedinthis study are provided in Supplementary Table 6.

Cell culture

RPMI1640 medium (11875-093), DMEM (11965-092), penicillin-strep-
tomycin (15150-122), GlutaMax (35050-061), sodium pyruvate (11360-
070) and PBS (10010-023) were all obtained from Gibco (Thermo Fisher

Scientific). FBS was obtained from Cytivia (SH3039603). Calf bovine
serum (CBS) was purchased from the ATCC (30-2022). Cells were grown
in the appropriate medium and maintained at 37 °C in a humidified
incubator with 5-10% CO,. Standard operating procedures issued
by the NCI PDMR were followed to thaw, expand and maintain the
PDClines. All cell lines were determined to be Mycoplasma free using
Lonza’s MycoAlert Mycoplasma Detection kit (Lonza). Cell lines were
authenticated by short tandem repeat (STR) analysis (ATCC, human
and mouse STR profiling service).

Adipocyte differentiation

The 3T3-L1 cells were differentiated according to methods published
previously®’. Cells were seeded at a density of 6.0 x 10° cells per T-75
flask (Corning) in DMEM supplemented with 10% CBS, 100 U per ml
penicillin, 100 mg ml™ streptomycin and 1 mM sodium pyruvate and
grown to confluency. Cells were grown for an additional 48 h after the
addition of fresh medium. To induce differentiation, the cells were
cultured for 48 h in differentiation induction medium containing
DMEM supplemented with10% FBS, 100 U per ml penicillin,100 mg mI™
streptomycin,1 mMsodium pyruvate, 1.0 uM dexamethasone, 0.5 mM
IBMX and 1.0 pg ml™ insulin containing DMSO, 1 uM rosiglitazone or
10 uM MTX-531. Thereafter, the medium was changed to DMEM, 10%
FBS, 100 U per ml penicillin, 100 mg ml™ streptomycin, 1 mM sodium
pyruvateand 1.0 pg ml™insulin every 48 huntil 7 days after induction.

Immunoblot analysis

To generate cell lysates forimmunoblot analysis, cells were seeded
6.0 x10° cells per dishin 60-mm tissue culture plates with the appropri-
ategrowthmedium, including all supplements. The following day, the
mediumwas removed from the dishes and replaced with the appropri-
ate serum-free growth medium. The next day, the cells were treated
with DMSO or MTX-531 at the indicated concentrations. At 15 min
before lysis, the cells were stimulated with hEGF. Cells were lysed at
2 hfollowing treatment.

Cells were washed with cold PBS and lysed with NP-40 lysis buffer
(50 mM Tris pH 7.5, 1% NP-40, 150 mM NaCl, 10% glycerol and 1 mM
EDTA) supplemented with protease and phosphatase inhibitors
(Roche). Tumors were minced and manually homogenized in NP-40
lysis buffer. Lysates were rocked at 4 °C for 30-60 min and cleared
by centrifugation. Equal amounts of protein (10-20 pg) in lysates
normalized using BioTek Gen5 software were resolved by SDS-PAGE,
transferred to 0.2-pum or 0.45-pum polyvinyldifluoride (PVDF) mem-
branes (MilliporeSigma) and probed with specific primary and sec-
ondary antibodies. Bands representing the proteins of interest were
detected by chemiluminescence with enhanced chemiluminescence
detectionreagents (Cytiva). Western blotimages were acquired using
the ChemiDoc Imaging System (12003153) purchased from Bio-Rad.

Unless otherwise noted, the following primary antibodies were
used at1:1,000 dilution: anti-pEGFR (Y1068) 3777, anti-pEGFR (Y1068)
2234, anti-EGFR 2646 (1:10,000), anti-pAkt (T308) 13038, anti-pAkt
(S473) 4060, anti-Akt 9272 (1:5,000), anti-pS6 (S235 or S236) 4857,
anti-S6 2217 (1:10,000), anti-pPRAS40 (T246) 2997, anti-PRAS40 2691
(1:10,000), anti-p4E-BP1 (S65) 9451, anti-4E-BP1 9644, anti-pp70S6K
(T389) 97596, anti-p70S6K 9202, anti-PPARY 2443, anti-cleaved
PARP 9541 (all from Cell Signaling Technologies), anti-B-actin
HRP-conjugated 197277 (1:10,000) and anti-vinculin129002 (1:10,000)
(bothfrom Abcam). AffiniPure goat anti-rabbit IgG secondary antibody
(Jackson ImmunoResearch Laboratories, 111-035-003) was used at
1:10,000 dilution.

The pixelintensity for each selected protein band was quantified
using ImageJ software. The images were converted to grayscale and
saved as .TIF files. A rectangular region of interest (ROI) was drawn
around thelargestband for each protein onagivenblot. The same ROI
was applied toeachband foragiven proteinand histograms were gener-
atedindicating the pixelintensity. Theratio of the signal intensity of the
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phosphorylated protein to the housekeeping protein was calculated
for each target protein of interest using Excel. The percentage inhibi-
tionwas calculated as the ratio of the signal intensity of the treatment
group to the control-treated samples.

RT-qPCR Analysis of PPARy Target Genes

Total RNA was extracted from 3T3-L1 cells using Trizol (Invitrogen)
according to the manufacturer’s instructions at 8 and 24 h following
the addition of differentiation induction medium containing DMSO,
rosiglitazone (1 M) or MTX-531 (10 pM). RNA extracts were treated
withthe RNAse-Free DNaseKit and purified using the RNeasy MinElute
Cleanup Kit (Qiagen). RNA extracts were quantified and assessed for
quality with the RNA BR Assay Kit and the RNA IQ kit, respectively,
using a Qubit 4 Flourometer (Invitrogen). The SuperScript VILO
complementary DNA (cDNA) Synthesis Kit (Invitrogen) was used to
synthesize first-strand cDNA by combining 20 pl of 5x VILO reaction
mix, 10 pl of 10x SuperScript enzyme mix and 65 pl of RNAse-free
distilled H,O with 5 pg of RNA in a 100-pl reaction volume. A Veriti
96-well thermal cycler (Applied Biosystems) was used to amplify the
PCRreactions using the following conditions: 10 minat 25 °C, 90 minat
42°Cand5 minat85 °C.Reactions without reverse transcriptase were
included to detect genomic DNA contamination. The qPCR reactions
were performed in quadruplicate using mouse-specific Tagman Gene
Expression Single-Tube Assays (Applied Biosystems) for lipoprotein
lipase (Lpl) (Mm00434764_m1), Pparg (Mm00440940_m1) and Adipoq
(MmO04933656_m1). The housekeeping gene, Rplp0 (Mm00725448 sl),
was used to normalize target gene expression. Reactions were pre-
pared accordingto the manufacturer’s instructions. Control reactions
without cDNA template were included to detect contamination. The
amplification and analysis of PCR reactions were performed using
the QuantStudio 5 Real-Time PCR System (Applied Biosystems) pro-
grammed as follows: 20 s at 95 °C followed by 40 cyclesat 95°Cforls
and annealing and extending for 20 sat 60 °C. The fold gene expression
(RQ) was calculated using the formula, RQ = 2744% where AAC, = AC,
(treated sample) — AC, (DMSO-treated sample) and AC, = (target gene
C.— RplpO reference gene C,). Data are represented as the mean RQ,
RQ, .y = 2 ®2*sem) and RQ,,;,, = 2" "2 %¢™) The analysis of statistical
differences between treatment groups was performed using an
unpaired ¢t-test or Mann-Whitney test.

Invivo xenograft studies
All procedures related to animal handling, care and treatment were
performed under an approved protocol (PRO00010150) according
to the guidelines set forth by the University of Michigan Institutional
Animal Care and Use Committee (IACUC) and following the guidance
of the Association for Assessment and Accreditation of Laboratory
Animal Care (AAALAC). Animals were housed per institutional guide-
lines as determined by the affiliated IACUC, consisting of typical 12-h
light-dark cycles in ambient temperatures of 68-75 °C with 30-70%
humidity. Mice were maintained under pathogen-free conditions and
food and water were provided ad libitum. Sex was not considered inthe
study designbecause these studies center around cancer signaling and
drug targets that generally do not require sex-based considerations.
Only female mice were used because of animal housing considerations.
For human-derived cell lines and PDX models, 6-8-week-old
female CIEANOG mice (NOD.Cg-Prkdc* I[2rg"™S“¢/JicTac from Taconic)
or female athymic homozygous nude mice (CrTac:NCr-FoxnI™ from
Taconicor Crl:NU(NCr)-FoxnI™from Charles River Laboratories) were
used. For models originating from cell culture (CAL-27, CAL-33, MIA
PaCa-2,135848, 455876, 848979 and CN0375), mice were inoculated
subcutaneously in the right axillawith 1 x 10°-5 x 10° cells suspended
in 100 pl of a 1:1 ratio of serum-free medium to Matrigel. For models
originating from tumor fragments (UM-CRC 14-929, 245127, 354836,
944545, B8318 and B8324), mice were implanted with tumor fragments
2-3 mmindiameter into the right axilla by trocar.

For the KPC model, female inbred FVB mice (6-8 weeks of age)
were obtained from Taconic (FVB/NTac). Mice were inoculated sub-
cutaneously in the right axilla with 1x10° 65-671 (FVB/N strain) cells
suspended in100 pl of al:1ratio of serum-free medium to Matrigel.

MTX-531was prepared as a suspension in a 1:2 ratio of propylene
glycolto1% Tween 80-Na,PO, or asasolutionin 50% propylene glycol,
35%PEG400 and 10% TPGS in water with 5% 1 N NaOH and administered
by oral gavage. Compounds were prepared fresh daily and administered
according to individual mouse body weight (0.2 ml per 20 g).

Onreaching a mean tumor volume of -100 to 200 mm?, mice were
randomized into treatment arms before initiation of treatment on day
1of study. For the advanced-stage CAL-33 xenograft study, mice were
randomized into treatment arms when the mean tumor volume was
~500 mm?® before treatment initiation. Subcutaneous tumor volume
and body weights were measured 2-3 times a week. Tumor volumes
were calculated by measuring two perpendicular diameters with
calipers and using the formula, tumor volume = (length x width?)/2.
Mice were treated and monitored daily until individual mouse tumor
burdens reached IACUC-approved limitations (either 500 mm? for
ulcer-prone models or 1,000 mm?®). The percentage change in treated
versus control mice was calculated on the day the median control
mouse was euthanized as follows: [(Tina = Tiniciat)/ (Ceinat = Cinicia)] X 100,
where Ci;i.;and Cg;,, are the median tumor volumes on the first day of
treatment and the day indicated for the vehicle control group and T
and Tg,, are the median tumor volumes on the first day of treatment
and the day indicated for the treated group. The increase in lifespan was
calculated as [(Ty,y — Cyay)/Cyay] X 100, where Ty, is the day the median
treated mouse was killed and C,,, is the day the median control mouse
was euthanized. No statistical methods were used to predetermine
group sizes but our group sizes were similar to those reported in pre-
vious publications*?*°#%¢¢5 For pharmacodynamic studies, when
tumors reached a mean tumor volume of -150-300 mm?, mice were
randomized into treatment arms and treated with the vehicle or test
article. Attheindicated time points, mice were euthanized and tumors
were isolated, snap-frozenin liquid nitrogen and stored at -80 °C.

For animal studies, quantitative data are presented as the
mean + s.e.m. Animals were randomized on the basis of tumor size
before treatment. All animals treated were included in the analyses.
Data collection and analysis were not performed blind to the condi-
tions of the experiments.

The maximal tumor size allowed by the protocol approved by the
IACUC at the University of Michigan was 2,000 mm?®. This maximal
tumor size was not exceeded for any animals used in these experiments.

Modified RECIST in preclinical efficacy studies. For the control ani-
mals, the percentage change in tumor volume was calculated when the
tumor volume reached a predetermined size of 500 mm®or1,000 mm?,
depending on the tumor model. This percentage change in tumor
volume was calculated from baseline as follows: AT = (Tgna = Tiniica)/
Tiniia X 100.For treated animals, the response was determined by compar-
ingthe tumor volume change attime ttoitsbaseline: AT = (T, — Tinitica)/
Tiniiar X 100. The best overall response for each animal was defined as
the minimum percentage change in tumor volumeoccurring after the
first 7 days of treatment.

The preclinical criteria for response were adapted from RECIST
1.1(refs. 68,69) and defined as follows: acompleteresponse (CR) is the
disappearance of the subcutaneous tumor (tumor no longer palpable);
apartialresponse (PR) isa>30% decrease in tumor volume; progressive
disease (PD) is defined as a >2-fold increase in tumor volume; stable
disease (SD) is defined as neither sufficient tumor shrinkage to qualify
asaPRnor sufficient growth to qualify as PD.

Glucose and insulin measurements
Female athymic nude mice (8-10 weeks of age) were acclimated for a
minimum of 3 days before study initiation. Mice were administered
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the vehicle control or test article on the basis of individual body weight
(0.2 mlper20 g).For theassessment of blood glucose levels, 1-2 drops
of blood were taken from the tails of the mice and measured using an
Accu-Chek Aviva glucometer at the indicated time point before or
after treatment. For the assessment of blood insulin levels, ~30-40 pl
of blood was collected into EDTA microvette tubes immediately fol-
lowing blood glucose measurement, centrifuged at 4 °C for 20 min
at2,000gto collect plasma and stored at —80 °C. The insulin levels in
plasmaand tumor samples were determined by ELISA (Crystal Chem,
cat.no.90080).

Statistical analyses

Quantitative dataare presented asthe mean + s.e.m. For animal studies,
animalswere randomized before treatmentand all animals treated were
included for the analyses. For assessing the treatment effects over time,
we used a linear mixed effects model with treatment as the fixed effect
and time as the random effect. A Wald test was used for the significance
comparisons among different treatment groups. Individual data points
wereincluded for all data presented. The exact models are detailed in
the Supplementary Information. The analyses were run with R package
LME4 and were versified using SAS version 9.4.

Pharmacokinetic studies

Plasmasampleswere collected in CD1 mice fromthe dorsal metatarsal
vein at all time points except 24 h. For the 24-h time point, samples
were collected after cardiac puncture. A volume of 0.05-0.1 ml was
collected at each time point. K,-EDTA was used as the anticoagulant.
Samples were centrifuged at4,000g for 5 minat 4 °C to obtain plasma
and stored at -75 + 15 °C before analysis. WinNonlin (Phoenix version
6.1) or similar software was used for pharmacokinetic calculations.

Synthesis of MTX-531
The synthesis scheme for MTX-531is included in the Supplementary
Information.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Cocrystal structures that support the findings of this study were
deposited to the PDB under accession numbers 8SC7,8SC8 and 8SC9
and are listed in in the pertinent figure legends and Supplementary
Table 5. Data supporting the findings of this study are available from the
corresponding author upon reasonable request. Source data are
provided with this paper.
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Extended Data Fig. 1| MTX-531 potently and selectively inhibits EGFR and inhibitory potency of MTX-531 was determined against a panel of 482 protein and
PI3K family members. The biochemical potency of MTX-531 was evaluated lipid kinases by carrying out single point testing at a final concentration of 10 pM
againsta, purified HER and b, purified PI3K family members. IC;, values were MTX-531in duplicate assays. The nine off-target kinases inhibited by >80% at
determined at a concentration of ATP corresponding to the K., apparent for 10 pM shown in bold font (upper panel) were re-tested in dose response assays at
thatkinase. Data are presented as mean + SD and are representative of two concentrations tested in duplicate to determine IC;, values (bottom panel).
individual experiments at varying concentrations of MTX-531in duplicate. e, Immunoblot analysis of MELK expressionin lysates from CAL-33 cells treated
¢, Inhibitory activity of MTX-531 against FRAP (mTOR) and DNA-PK was for 24 hours with the indicated concentrations of MTX-531 or the MELK inhibitor,
determined as described above. Data are presented as mean + SD and are OTSSP167. Data are representative of two individual experiments. f, Summary of

representative of two individual experiments carried out over arange of MTX-531  drug properties of MTX-531.
concentrations tested in duplicate. d, Broad kinome screening of MTX-531: the
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Extended Data Fig. 2| See next page for caption.
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Extended Data Fig. 2| MTX-531 co-targets cellular EGFR and PI3K signaling

in HNSCC models. a, Time-dependent inhibition of EGFR and PI3K in CAL-33
cellstreated with 1 pM MTX-531. Data are representative of two individual
experiments b, Comparative cellular potency of MTX-531, erlotinib and alpelisib
in CAL-33 cells treated for 2 hours over arange of doses. Data are representative
oftwoindividual experiments ¢, Cellular activity of MTX-531 across a broad panel
of HNSCC cell lines. EGFR and PI3K/mTOR pathway inhibition was evaluated by
immunoblotting analyses in cells treated for 2 hours with varying concentrations

of MTX-531. Data are representative of two individual experiments d,
Comparative cellular potency of MTX-531against cellular EGFR and PI3K
signalingina panel of HNSCC cell lines. Densitometry analysis was performed
fromimmunoblotting carried outin panel 2c to determine ECs, values. Data are
representative of two individual experiments e, Effect of MTX-531 on activated
HER3 and EGFR expression in PI3K wild type cells. Immunoblotting analysis was
carried outin CAL-27 and MOCl cells treated for two hours with MTX-531. Data are
representative of two individual experiments.
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Extended Data Fig. 3 | Pharmacokinetic profiling of MTX-531.

Pharmacokinetic analysis of MTX-531in mice. Mice received a single treatment
of MTX-531at 5 mg/kg intravenously (IV) or 25 and 100 mg/kg by oral gavage
(PO), n=3 mice/treatment arm/time point. Blood was collected at the indicated
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timepoints and the plasma concentration of MTX-531 was determined using
liquid chromatography-mass spectrometry. Data are presented as mean + SD and
arerepresentative of three individual experiments.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Pharmacodynamic and efficacy evaluation of MTX-531
in preclinical HNSCC models. a, Immunoblotting analysis of subcutaneous
CAL-33 tumors excised from mice (n =3 tumors/group) treated with asingle

oral dose of MTX-531at 25 mg/kg. Tumors were harvested at the indicated time
point (left panel). Quantification of phosphorylated kinase expression of the
individual bands was carried out by densitometry analysis as shown in the panel
ontheright. Data are presented as mean values + SEM and are representative

of two independent experiments. b, Baseline expression analysis of EGFR and
PI3K/mTOR signaling in five HNSCC PDX models selected for efficacy evaluation
of MTX-531. Equivalent amounts of protein from each model were added to

each lane for comparative analysis. HPV status and genomic alterations of

these models, obtained from the NCIPDMR database, are shown on the right.
Representative data are shown from three independent experiments.

¢, Pharmacodynamic modulation of EGFR and PI3K/mTOR pathway expression
insubcutaneous NCI 944545-341-R patient-derived xenografts. Mice were

treated with MTX-531 (100 mg/kg PO) and tumors were excised at 2 hours after
the fifth dose (n = 3 tumors/group). Representative data are shown from two
independent experiments. d, Statistical evaluation of single agent activity of
MTX-531as determined by a Linear Mixed Model (LMM). Statistical significance
of differences in HNSCC PDX growth in response to treatment with MTX-531

was determined for the efficacy studies summarized in Fig. 3. Spaghetti plots
areshown for each model. The expected log mass trajectories for vehicle versus
MTX-531treatment are depicted in the shaded areas, which denote the 95% point-
wise confidence intervals from the LMM fitting. e, Impact of MTX-531 on survival
of HNSCC PDX-bearing mice. Kaplan-Meier survival plots are shown for the panel
of PIK3CA mutant HNSCC PDX models evaluated in this study. Mice were dosed
daily with MTX-531 (100 mg/kg PO) until individual tumors reached 1000 mm?
(n=5-8 mice/group). Survival curves were compared using the Log-rank (Mantel-
Cox) test (**=p-value < 0.01, **** = p-value < 0.0001).
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Extended Data Fig. 5| Body weight changes in mice treated with MTX-531
alone or in combination. a, Selection of acombination dosage of erlotinib

and alpelisib. Mice were treated with the combination of erlotinib and alpelisib
daily via oral gavage for 5 weeks (n = 8 mice/group). The daily dose of erlotinib
was held constant at 50 mg/kg and the dose of alpelisib was varied (12.5,25 and
50 mg/kg). Body weight loss of > 20% and/or >10% treatment-related deaths
inagroup are considered unacceptable toxicity parameters. Three deaths
occurred in each of the two highest dose combination groups. b, Body weight

of subcutaneous HNSCC PDX-bearing mice in response to daily oral treatment
with MTX-531at100 mg/kg. Body weight was monitored throughout the efficacy
study shown in Fig. 3b. ¢, Response of PIK3CA mutant HNSCC NCI 848979-319-R
PDX xenografts to daily oral dosing of 150 mg/kg MTX-531. Data are presented as

Body Weight Change (%) +/- SEM

Day of Treatment

mean values + SEM. Dosing occurred until individual tumors reached 1000 mm?
to facilitate comparative survival analysis (n = 5 mice/group). A comparison of
survival curves was performed using the Log-rank (Mantel-Cox) test
(*=p-value < 0.01, **=p-value < 0.001).d, Body weight of mice bearing CRC
PDX models CN0375-F725 (5 mice/group) and UM-CRC 14-929 (5 mice/group)
inresponse to daily treatment with MTX-531 (100 mg/kg PO) in combination
with trametinib (1 mg/kg PO). Data are presented as mean values + SEM. e, Body
weight of mice bearing CRC B8324 patient-derived xenografts (5 mice/group) in
response to daily oral treatment with MTX-531 (100 mg/kg) in combination with
sotorasib (100 mg/kg). Data are presented as mean values + SEM. For all panels,
body weights were recorded 2-3 times per week.
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Extended DataFig. 6 | Inhibition of PI3K/mTOR pathway signaling in KPC
tumors and normal tissues in response to MTX-531. a, Comparative cellular
potency of MTX-531, erlotinib and alpelisib against EGFR and PI3K signaling in
KPCcells. Cells were treated with the indicated drug for 2 hours across a broad
dose range followed by immunoblot analysis. Densitometry was carried out
to determine comparative ECs, values (right panel). Data are representative
of two independent experiments. b, MTX-531inhibits PI3K/mTOR signaling in
KPC tumors. Pharmacodynamic modulation of PI3K/mTOR signaling in KPC
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tumors excised from mice (n =3 tumors/group) treated with a single oral dose
of MTX-531. Tumors were harvested at the indicated time point followed by
immunoblot analysis. ¢, Evaluation of PI3K/mTOR pathway expressionin liver
and gastrocnemius (muscle) tissue excised from mice (n = 3 samples per tissue
type) treated with a single oral dose of MTX-531at 100 mg/kg. Tissues were
harvested at two hours followed by immunoblot analysis. Representative data
are shown from two independent experiments.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Excel (version 2301)
Biotek Synergy H1 plate reader
Veriti 96-well Thermal Cycler
LC/MS 8050
European Synchrotron Radiation Facility, beamline ID30al
SLS, beamline PXI
All software used was from third-party developers.




Data analysis The following public software were used for data analysis:
Excel (version 2301)
GraphPad Prism (version 9.1.0)
Gen5 (v.2.01.14)
QuantStudio Design & Analysis Software v.1.5.2
Image J (v.1.53a)
XLfit (v.5.5.0)
WinNonlin (v.6.1)
x-ray analysis programs: AutoPROC (v.1.1.7), XDS (v.20220820), POINTLESS (v.1.12.14), AIMLESS (v.0.7.9) STARANISO (v.2.3.87), REFMACS
(v.5.8.0352), BUSTER (v. 2.11.8), GRADE (v.1.2.15)
Molecular modeling program: Molegro Virtual Docker 5.5

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Co-crystal structures that support the findings of this study have been deposited to the Protein Data Bank with the accession numbers 8sc7, 8sc8, and 8sc9 and are
listed in the pertinent figure legends and in Supplementary Table 5. Data supporting the findings of this study are available from the corresponding author upon
reasonable request. Source Data are provided with this paper.

Research involving human participants, their data, or biological material
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Reporting on sex and gender No sex and gender-based analysis was performed, nor did sex or gender factor into model selection. We chose the PDX
models based on tumor type, KRAS and PIK3CA mutation status, and growth characteristics.

Reporting on race, ethnicity, or  Ethnicity information on PDX models used in this study is provided in Supplemental Data.
other socially relevant

groupings

Population characteristics Demographic information on PDX models used in this study is provided in Supplemental Data.

Recruitment The majority of PDX models used in this study were obtained from the NCI Patient-Derived Models Repository (PDMR).
Other models were established from colorectal cancer patients undergoing treatment at University of Michigan Hospital or
MD Anderson Cancer Center following informed consent under IRB-approved protocols.

Ethics oversight All procedures related to animal handling, care and treatment were performed under an approved protocol (PRO00010150)

according to the guidelines set forth by the University of Michigan Institutional Animal Care and Use Committee (IACUC) and
following the guidance of the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC). Animal
models established from colorectal cancer patients required informed consent under IRB-approved protocols HUMO00065489
and LAB10-0982 at University of Michigan and MD Anderson Cancer, respectively.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design
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Sample size For ex vivo pharmacodynamic (PD) analysis of treated tumors, western blot samples were generated from a minimum of three individual
mice. In vivo efficacy data were generated in 5-10 individual mice were treated in each group so that Standard Error of the Mean (SEM) could
be calculated for each treatment group and is indicated with error bars. No statistical methods were used to pre-determine group sizes, but
ours were similar to those reported in previous publications cited in the Methods section. For in vivo efficacy studies, n = 5-10 was sufficient
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to provide statistical significance in all experiments generating robust activity, while balancing the cost and housing requirements for mice (5
mice per cage). For PD studies, n=3/time point provided sufficient replicates to evaluate heterogeneity of response to treatment, while
balancing cost and the number of mice required to show consistency of outcome in multiple replicate studies. For in vitro assays, sample size
was determined based on observation of consistent data in biological replicates, and the number of experimental samples that could
reasonably fit in a multi-well plate.

Data exclusions  No animals or data points were excluded from analyses. In efficacy studies, tumor growth curves are not shown after loss of all vehicle
treated animals. However, drug treated animals continued to be dosed to capture impact on survival.

Replication All'in vitro cellular data sets were duplicated to confirm replication of data outcome. We provide information in the figure legends pertaining
to the number of times in vitro experiments were performed when representative data are shown. Replication of data outcome was
confirmed in each instance. Replicate in vivo studies (efficacy and PD) were generated for some but not all models. However, internal
controls were included in each study to confirm outcomes. For in vivo studies that were replicated, the outcomes were in agreement.

Randomization  Sample randomization is not relevant to the in vitro studies presented as no relevant differing covariates could be identified. All in vitro
samples were processed and measured in a consistent manner. Animals were enrolled and randomized onto study based on tumor
measurements on a specific day post-inoculation. Groups were established so that the mean tumor size of each group was similar across all
groups prior to treatment initiation Body weights were measured to confirm animal health prior to the start of the study, but were not used
as a covariate for randomization.

Blinding Investigators were not blinded in this preclinical study. Since tumor models can vary in tumor growth, investigators were not blinded during

randomization to ensure that tumors of equal volume were distributed equally between treatment groups. Furthermore, treatment was not
blinded, since mice were dosed daily and at the same time as tumor measurements were obtained.
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Antibodies

Antibodies used The following primary antibodies were obtained from Cell Signaling Technologies and used at 1:1000 dilution, unless otherwise
noted: anti-p-EGFR (tyr1068) #3777, anti-p-EGFR (tyr1068) #2234, anti-EGFR #2646 (1:10,000), anti-p-AKT (thr308) #13038, anti-p-
AKT (serd73) #4060, anti-AKT #9272 (1:5000), anti-pS6 (ser235/236) # 4857, anti-S6 #2217 (1:10,000), anti-p-PRAS40 (thr246) #2997,
anti-PRAS40 #2691 (1:10,000), anti-p-4E-BP1 (ser65) #9451), anti-4E-BP1 #9644, anti-p-p70 S6K (thr389) #97596, anti-p70 S6K
#9202, anti-PPARy #2443, anti-cleaved PARP #9541. Anti-B-actin HRP conjugated #197277 (1:10,000) and anti-vinculin #129002
(1:10,000) were obtained from Abcam. For the secondary antibody, peroxidase-conjugated AffiniPure goat anti-rabbit IgG (1:10,000)
was obtained from Jackson ImmunoResearch Laboratories, #111-035-003).

Validation All antibodies were validated by the manufacturers (Cell Signaling Technologies or Abcam) and have been extensively used in
published studies cited on the manufacturer websites, as exemplified below:
Anti-Phospho-EGFR — Validated in “Tulpule et al., Cell (2021); Ki et al., Nature Comm (2021); Britain et al., J Biol Chem (2020); Galini
et al., Nature (2023)”
Anti-EGFR — Validated in “Abouantoun, et al., Mol Cancer Ther (2009); Henjes, et al., Oncogenesis (2012)”
Anti-phospho-AKT —Validated in “Lu, et. al., J Clin Invest (2014); Izquierdo et al., Cancer Discov (2022)"
Anti-AKT — “Westbrook, et. al., Cell (2005); Oh, et. al., ] Biol Chem (2005)”
Anti-phospho-S6 — Validated in “Wang, et. al., Nat Comm (2017); Vujic, et. al., Oncotarget (2014)"
Anti-S6 — Validated in “Westbrook, et. al., Cell (2005); Lee, et. al., Cancer Discov (2013)
Anti-phospho-PRAS40 - Validated in “Cassell, et. al., Neoplasia (2012); Vi, et. al., Oncotarget (2013)”
Anti-PRAS40 — Validated in “Deng et al., J Biol Chem (2022); Cooper, et. al., Cancer Res (2017)"
Anti-phospho-4E-BP1 — Validated in “Szaflarski, et. al., Oncotarget (2016); Salas, et. al., Oncogene (2016)”
Anti-4E-BP1 — Validated in Hagerstrand, et. al., Cancer Discov (2013); Wang, et. al., Cancer Res (2013)”
Anti-phospho-p70 S6K — Validated in “Tan, et. al., Front NeuroSci (2019); Wang, et. al., Int J Med Sci (2021)"
Anti-p70 S6K — Validated in “Lin, et. al., J Immunol (2009); Wang, et. al., J Biol Chem (2012)”
Anti-PPARgamma — Validated in “Liu, et. al., J Clin Invest (2012); Soofi, et. al., J Biol Chem (2017)"
Anti-cleaved PARP — Validated in “Mungrue, et. al., J Immunol (2009); Monick, et. al., J Biol Chem (2005)”
Anti-beta-actin HRP — Validated in “Zafar et al., Biochemistry (2018); Schroder et al., Front Immunol (2019)”
Anti-vinculin — Validated in “Zhang et al., Cancer Res (2020); Sorrentino et al., Gastroenterology (2020)”
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AffiniPure goat anti-rabbit IgG — Validated in “Mizuno et al., J Biol Chem (2022); Nunes-Santos et al., Nat Comm (2023)”

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) CAL-27 (ACC 446) and CAL-33 (ACC 447) were obtained from Leibniz Institute DSMZ German Collection of Microoganisms and
Cell Cultures. BICR 16 (06 31001) and BICR 56 (060031002) cell lines were obtained from the European Collection of
Authenticated Cell cultures through MilliporeSigma. MIA PaCa-2 (CRL-1420), Detroit-562 (CCL-138), and 3T3-L1 (CL-173) cell
lines were obtained from the American Type Culture Collection. HEK 293H cells, used by Thermo Fisher to engineer a beta
lactamase reporter PPARgamma assay, can be obtained from Gibco (11631017). The mouse OSCC cell line MOC1 (EWL001--
FP) was obtained from KeraFast. KPC tumors originated from 65 671 cells (FVB/N strain), which were obtained from Marina
Pasca di Magliano (University of Michigan).

Authentication All cell lines were STR profiled for authenticity.

Mycoplasma contamination All cell lines were routinely tested for mycoplasma and tested negative throughout the course of these studies.
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Commonly misidentified lines  No commonly misidentified cell lines were used.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals 6-8 week old, female, athymic NCr-Foxn1 (nu/nu), 6-8 week old, female CIEA NOG mice, 6-8 weeks old, female inbred FVB mice.
Wild animals This study did not involve wild animals.
Reporting on sex Only female mice were used in these studies due to animal housing requirements. Sex was not considered in the study design, since

these studies center around cancer signaling and drug targets that generally do not require sex-based consideration.

Field-collected samples  This study did not involve samples collected from the field.

Ethics oversight All studies were conducted with an approved protocol (PRO0O0010150) and in compliance with guidelines set forth by the University
of Michigan Institutional Animal Care and Use Committee (IACUC) and following the guidance of the Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC). The maximal tumor size allowed by this protocol was 2000 mm3. This maximal
tumor size was not exceeded for any animals used in these experiments.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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