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INTRODUCTION
The phosphoinositide 3-kinase (PI3K)/AKT axis is piv-

otal in the development of cancer (1, 2), with oncogenic 
genetic alterations in PI3Kα occurring in approximately 14% 
of cancers (3, 4). These mutations are found throughout the 
PIK3CA gene but are highly enriched at hotspot amino acid 
sites in the helical (E542K, E545K) and kinase (H1047R/L) 
domains (3, 5), though the frequency of PI3Kα hotspot muta-
tions varies across cancers (6). PI3Kα mutations are most 
prevalent in breast cancer, occurring in about 36% of patients, 
of which approximately 28% are helical-domain mutations 
and 40% are kinase-domain mutations (7). Mutant PI3Kα 
is also a common oncogenic driver of other difficult-to-treat 
cancers, including gastric cancer (15%), colon cancer (25%), 
head and neck squamous cell carcinoma (HNSCC; 13%), and 
uterine cancer (45%; refs. 3, 8, 9).

The clinical benefit of isoform-selective inhibition of PI3Kα 
has been demonstrated with alpelisib in PI3Kα-mutant can-
cers. Alpelisib is an orthosteric inhibitor that shows equipo-
tent inhibition of both wild-type (WT) and mutant forms of 

PI3Kα. In a phase III trial, alpelisib demonstrated therapeutic 
activity in PI3Kα-mutant, ER+HER2− metastatic breast cancer 
when used in combination with fulvestrant, a selective estro-
gen receptor degrader. At a median follow-up of 20 months, 
this combination demonstrated an almost 2-fold increase in 
progression-free survival time to 11.0 months compared with 
5.7 months for fulvestrant alone in this patient population 
(P < 0.001; ref. 10).

In normal tissue, the PI3K/AKT signal transduction path-
way is essential for insulin-dependent glucose uptake, par-
ticularly in skeletal muscle and adipose tissues that are largely 
responsible for systemic glucose homeostasis (11). Inhibit-
ing WT PI3Kα signaling causes acute insulin resistance and 
promotes hyperglycemia, which are key challenges with the 
PI3Kα inhibitor class (12). As such, updated expert recom-
mendations indicate that alpelisib should not be prescribed to 
patients with poorly controlled diabetes (13), who comprise 
up to 31% of the overall breast cancer population (14). In clini-
cal studies, patients with a history of diabetes were found to 
be at greater risk of hyperglycemia and drug discontinuation 
(15). Even with inclusion restrictions, real-world evidence has 
shown hyperglycemia in the majority of patients treated with 
alpelisib, as well as high rates of safety-related dose reduction 
and permanent discontinuations, up to 42% and 46%, respec-
tively (15, 16). The management of alpelisib-associated meta-
bolic dysfunction is complex, and current recommendations 
include frequent blood glucose measurements, a low-carbohy-
drate/ketogenic diet, and the use of antidiabetic medications 
(including insulin) either prophylactically or in treatment 
management (13). Another concern is that hyperinsulinemia 
has been shown to counteract the efficacy of PI3K inhibition 
in tumor models (17). Other common alpelisib-related toxici-
ties (e.g., gastrointestinal disturbance, rash) are also thought 
to be directly related to the inhibition of WT PI3Kα (18, 19).

Selective targeting of mutant PI3Kα is expected to improve 
antitumor activity and reduce toxicity (12, 20). To test this  
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hypothesis, we developed STX-478, a second-generation, 
allosteric, mutant-selective PI3Kα inhibitor that interacts 
with a previously undescribed allosteric pocket within 
PI3Kα. Preclinical results presented here show that STX-
478 selectively inhibited all PI3Kα kinase-domain mutant 
forms in vitro, and potently inhibited the growth of cell 
lines with both helical- and kinase-domain mutations. In 
human tumor xenograft models harboring kinase- and 
helical-domain PI3Kα mutations, STX-478 demonstrated 
efficacy similar or superior to high-dose alpelisib while spar-
ing metabolic dysregulation. When STX-478 was combined 
with fulvestrant and/or cyclin-dependent kinase (CDK) 
4/6 inhibitors, robust and durable tumor regressions were 
achieved that persisted after the end of treatment. Our data 
suggest that the selective inhibition of mutant PI3Kα mini-
mizes metabolic dysfunction and significantly improves 
the therapeutic index over current clinical treatment for 
PI3Kα-mutant cancers.

RESULTS
STX-478, a Mutant-Selective, Allosteric 
PI3Kα Inhibitor

The initial chemical matter leading to STX-478 (Fig.  1A) 
was identified following a comprehensive hit-finding strategy 
that will be described in detail in a subsequent publication. 
The biochemical potency and mutant selectivity of STX-478 
were evaluated in a panel of common oncogenic-mutant 
PI3Kα forms and compared with alpelisib as a reference 
(Fig.  1B). STX-478 was found to be a potent and selective 
inhibitor of all kinase-domain mutant PI3Kα forms found 
in cancer, including the most common variant H1047R 
(IC50 = 9.4 nmol/L), with 14-fold selectivity over WT PI3Kα 
(IC50  =  131 nmol/L). Under these same assay conditions, 
STX-478 was less potent against E542K (IC50 = 113 nmol/L) 
and E545K (IC50  =  71 nmol/L) helical-domain mutants, 
whereas alpelisib showed no mutant selectivity as previously 
reported (21).

STX-478 also demonstrated exquisite kinome-wide selec-
tivity (Supplementary Fig. S1A). A biochemical screen using 
373 kinases representing approximately 70% of the human 
kinome, including PI3Kβ, PI3Kδ, and PI3Kγ isoforms, 
showed that only the AurB kinase was inhibited by >50% at 
10 μmol/L (IC50  =  1.6 μmol/L). Subsequent follow-up con-
firmed that STX-478 showed little AurB inhibition in cells at 
concentrations up to 10 μmol/L (Supplementary Fig. S1B).

X-ray cocrystals were generated to identify the binding 
site of STX-478 on PI3Kα. Compared with published PI3Kα 
structures, the cocrystal structure of H1047R with STX-478 
revealed that the compound occupies a cryptic allosteric 
site (Fig.  1C; Supplementary Table  S1) that forms due to a 
major conformational shift in residues 936–940, along with 
other smaller, local rearrangements (Fig.  1D). Specifically, 
residues F937 and L938 occupy positions that would directly 
clash with STX-478. Rearrangement of side- and main-chain 
atoms of these residues resulted in the repositioning of 
F937 and L938 to create space for the allosteric site. Addi-
tionally, relative to existing H1047R structures (3HHM and 
3HIZ; ref.  22), the activation loop is better resolved in the 
STX-478 costructure.

STX-478 makes several specific contacts within the alloste-
ric site (Fig. 1E). The benzofuran and trifluoromethyl moie-
ties position at the deepest point of the pocket, anchoring 
against hydrophobic and aromatic residues. The urea pre-
sent in STX-478 forms a bifurcated hydrogen bond with the 
L911 backbone carbonyl and a suboptimal hydrogen bond 
with the G912 carbonyl. This hydrogen bonding secures 
the inhibitor’s central linker with the pyrimidine posi-
tioned closer to the protein’s surface. The K941 side chain 
forms van der Waals contacts across the pyrimidine ring 
in an orientation roughly 180 degrees from the typical 
WT conformation of this side chain. The K941 side-chain 
nitrogen is positioned within hydrogen-bonding distance 
of the D1018 backbone carbonyl, stabilizing the protein 
in this conformation. A small shift in the Y1021 side chain 
relative to the apo conformation stabilizes the opposite side 
of the STX-478 pyrimidine. Comparison between WT (Sup-
plementary Table S1) and H1047R cocrystal structures with 
STX-478 revealed no significant difference in the allosteric 
site. Kinase-domain alignment revealed no conformational 
variability in the domain (RMSD 0.3Å). Similarly, a detailed 
analysis of the allosteric site and key STX-478 interactions 
showed no difference between the WT- and H1047R-bound 
structures (Supplementary Fig. S2).

Because X-ray crystallography did not identify structural 
differences in STX-478 binding to mutant compared with 
WT PI3Kα, we asked if differences in binding kinetics could 
explain mutant selectivity. Surface plasmon resonance (SPR) 
assay results confirmed the potency and mutant selectivity 
observed in the biochemical assays, indicating that STX-478 
has low nanomolar binding affinity (equilibrium dissociation 
constant, KD = 4.7 nmol/L) for the H1047R mutant, 15-fold 
lower binding affinity for WT PI3Kα (KD = 70 nmol/L), and 
intermediate binding to the helical-domain mutant E545K 
(KD  =  47 nmol/L). However, SPR analysis further revealed 
that STX-478 has faster association constants (kon) for 
H1047R and E545K compared with WT PI3Kα (Fig. 1F). In 
contrast, duvelisib, a nonselective, orthosteric PI3Kα inhibi-
tor, showed approximately equal binding affinity and kinetics 
for mutant and WT PI3Kα. These data indicate that STX-
478 mutant selectivity is derived from kinetic differences in 
binding between mutant and WT PI3Kα and suggest that 
the allosteric site occupied by STX-478 is more accessible in 
mutant forms of the enzyme.

STX-478 Selectively Targets PI3Kα Activity and 
Cell Viability in PI3Kα-Mutant Cells

STX-478 and alpelisib were studied in isogenic MCF10A 
cells by measuring phosphorylated (serine 473) AKT (pAKT) 
as a marker of target engagement with the PI3Kα/AKT path-
way. Consistent with biochemical data (Fig. 1), STX-478 dem-
onstrated selectivity for MCF10A cells harboring the H1047R 
kinase-domain mutation, but not the E545K helical-domain 
mutation, whereas alpelisib was equipotent against mutant 
and WT lines (Fig.  2A). Target engagement studies were 
extended to a panel of 10 human tumor cell lines harboring 
PI3Kα kinase-domain mutations (Supplementary Table S2). 
In addition to H1047R, the panel included three cell lines 
carrying the second most common kinase-domain mutation, 
H1047L (EFM-19, GP2d, and OAW42 cell lines), as well as 
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Figure 1. STX-478 binds a novel allosteric site on PI3Kα and achieves mutant selectivity through differential binding kinetics. A, The molecular struc-
ture of STX-478. B, Inhibition of enzyme activities of WT PI3Kα as well as kinase-domain and helical-domain mutant proteins by alpelisib and STX-478 
showing the geometric mean and standard deviation. C, The 2.9Å X-ray structure of PI3Kα (p110 purple, p85 orange) with GDC-0077 (red spheres) bound 
in the ATP site and STX-478 (green spheres) bound in an allosteric site. D, Arrows indicate Cα (spheres) movements of ≥3Å between aligned H1047R 
(teal, Protein Data Bank 3HHM) and the STX-478–bound structure (purple). 3HHM lacks residues 941–952 for direct comparison. E, Detailed view of bound 
STX-478. Labeled residues significantly contribute to compound binding. F, SPR sensorgrams for STX-478 (top) and duvelisib (bottom) binding to PI3Kα 
H1047R–mutant protein. KD, kon, and koff values as determined by single-cycle kinetics SPR for binding to WT, H1047R-mutant, and E545K-mutant PI3Kα 
proteins are shown in the table below the sensorgrams.
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three double-mutant forms (BT20, CAL-148, and NCI-H1048 
cell lines). The panel also included SKBR3, breast cancer cells 
that depend on WT PI3Kα activity to drive oncogenic growth, 
as an antitarget comparator (8, 9). STX-478 effectively inhib-
ited kinase-domain mutant-PI3Kα activity across the panel 
of cell lines, with IC50 values ranging from 15 to 319 nmol/L, 
which was similar to alpelisib IC50 values of 28 to 268 nmol/L 
(Supplementary Table  S2). STX-478 was more potent than 
alpelisib in nine of the 11 cell lines, a notable exception being 
SKBR3, which was expected based on the reduced selectivity 
of STX-478 against WT (correlation plot Fig. 2B; Supplemen-
tary Table  S2), and consistent with the isogenic MCF10A 
studies (Fig. 2A). In the ER+HER2− breast cancer benchmark 
T47D (H1047R PI3Kα) cell line, STX-478 was 9-fold selective 
over SKBR3 (WT PI3Kα) cells (Fig. 2C). In contrast, alpelisib 
showed no selectivity between mutant- and WT-driven cell 
lines. When cell viability was studied in the same PI3Kα-
dependent cell lines, there was a strong correlation between 
target engagement (pAKT) and cell viability [Pearson correla-
tion coefficient = 0.8 (log scale); Fig. 2D].

STX-478 activity was next evaluated in a high-throughput 
cell viability panel of approximately 900 tumor cell lines 
to identify markers of sensitivity and draw comparisons 
with alpelisib. Alpelisib was previously shown to selectively 
inhibit the proliferation of PI3Kα-mutant cell lines (23), 
and our results confirmed this selectivity (Fig. 2E). STX-478 
displayed a similar selectivity pattern that suggested that 
PI3Kα-mutant cells depend on this oncogenic driver for 
growth. Although our biochemical data found STX-478 to be 
less potent against the PI3Kα helical-domain mutant enzyme 
compared with the kinase-domain mutant (Figs. 1C and 2A), 
the potency was sufficient to result in antiproliferative activ-
ity in helical-domain mutant tumor cell lines. As previously 
reported, PTEN-inactivating mutations conferred resistance 
to PI3Kα inhibition in this study (P < 0.0081; ref. 24).

We next sought to characterize the effects of STX-478 
on WT PI3Kα in a nontransformed, physiologically rele-
vant setting by assessing insulin-mediated glucose uptake in 
primary human subcutaneous adipocytes (25). Adipocytes 
were pretreated with alpelisib or STX-478 and then supple-
mented with [3H]-2-deoxy-glucose and 10 nmol/L insulin. 
Alpelisib inhibited glucose uptake at concentrations as low 
as 100 nmol/L, with nearly complete inhibition at 10 μmol/L, 
whereas the concentration of STX-478 needed to attain 50% 
inhibition (EC50) was  ≥10 μmol/L (Fig.  2F). The maximum 
effect (Emax) of STX-478 for glucose uptake was 38%, whereas 
alpelisib caused deeper suppression with an Emax of 88%. An 
overlay of the cell viability dose–response curve obtained 
in T47D cells (Fig.  2D) illustrates the potentially improved 
therapeutic index of STX-478 relative to alpelisib in relevant 
human cell systems.

STX-478 Treatment Yields Robust Antitumor 
Efficacy in PI3Kα-Mutant Tumors without 
Metabolic Dysregulation in Mice

Pharmacologic characterization of STX-478 in vivo was 
designed to establish the metabolic safety and antitumor effi-
cacy profile of STX-478 compared with alpelisib. A 50 mg/kg 
once-daily (q.d.) dose of alpelisib was chosen, as this dose 
was efficacious in published mouse xenograft models, albeit 
accompanied by glucose dysregulation (21). At this dose, the 
alpelisib plasma exposure (AUC) in mice (∼75,000 ng*h/mL) 
exceeded the exposure of the maximum approved human 
dose by approximately 2-fold (∼33,000 ng*h/mL; ref.  26); 
therefore, a lower dose (20 mg/kg) was included to approxi-
mate the clinically relevant exposure. Based on the STX-478 
pharmacokinetic (PK) profile, 30- and 100-mg/kg q.d. doses 
were expected to bracket the 80% inhibitory concentration 
(IC80) of relevant cancer cell lines, whereas the 300 mg/kg q.d. 
dose exceeded this (Supplementary Fig. S3).

With regard to metabolic control, the primary consequence 
of WT PI3Kα inhibition is to block insulin action (e.g., insulin 
resistance), impairing glucose disposal and causing hypergly-
cemia (2, 11). The impact of alpelisib and STX-478 doses on 
insulin sensitivity was analyzed using an insulin tolerance test 
(ITT) and oral glucose tolerance test (OGTT) following 5 days 
of repeat dosing in non–tumor-bearing, female BALB/c nude 
mice, the sex/strain frequently used in our xenograft studies. 
Alpelisib treatment resulted in a dose-dependent reduction in 
glucose disposal in both the ITT and OGTT, consistent with 
insulin resistance (Fig. 3A–D, respectively). In contrast, STX-
478 treatment was not associated with significant changes in 
glucose AUC, although there was a nonstatistically significant 
increase at the 300 mg/kg dose in the ITT. Notably, STX-478 
had no effect on body weight or fasting plasma glucose after 
5 days of treatment. These studies established that repeat 
doses of STX-478 at 100 mg/kg q.d. were well tolerated with-
out metabolic dysregulation, whereas alpelisib caused overt 
insulin resistance at 50 mg/kg dose levels. We confirmed that 
STX-478 has similar, or even higher potency, against mouse 
PI3Kα (IC50 mouse  =  87 nmol/L vs. human  =  139 nmol/L), 
confirming that mouse WT PI3Kα is a good surrogate for 
humans and that the therapeutic index can be reasonably 
evaluated using human tumor xenografts in mice.

Benchmarking STX-478 in the CAL-33 (H1047R 
PI3Kα) Human HNSCC Xenograft Model

The CAL-33 (H1047R PI3Kα) HNSCC cell model displayed 
intermediate sensitivity to STX-478 in culture (Fig. 2D) and 
was selected to benchmark therapeutic activity and pharma-
codynamic (PD) biomarkers. The study consisted of three 
arms: an efficacy group in which animals received test arti-
cles for 28 days; a PK/PD group in which animals received 

Figure 2. Assessment of STX-478 mutant selectivity by profiling target engagement and functional activity in cellular assays. A, pAKT inhibition 
dose–response curves (HTRF assay) in MCF10A isogenic cell lines. B, Representative pAKT inhibition dose–response curves (HTRF assay). C, Correlation 
plot comparing alpelisib and STX-478 potency (pAKT HTRF assay) in a panel of kinase-domain mutant cell lines (orange dots) and WT PI3Kα SKBR3 
(black dots) described in Supplementary Table S1. D, Correlation plot of alpelisib and STX-478 comparing pAKT IC50 at 1 hour and viability [CellTiter-Glo 
(CTGlo)] GI50 at 72 hours across the indicated panel of cell lines. E, Sensitivity of cancer cell lines to STX-478 and alpelisib grouped by cancer type and 
PIK3CA and PTEN mutational status. Screening was performed by the Broad Institute using the PRISM platform. F, Two-hour glucose uptake in primary 
human adipocytes as indicated in the bar graph (percent vehicle response). Seventy-two-hour viability data in H1047R PI3Kα-mutant T47D cell line are 
overlaid in the orange dose–response curve for comparison.
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STX-478 or alpelisib treatment for 3 days; and a group 
in which tumor-bearing animals received an oral bolus of 
[U-13C]-glucose to assess the effects of alpelisib and STX-478 
on glucose uptake and glucose oxidation in target tissues.

In the efficacy arm, there was a dose-dependent reduction 
in tumor volume with both compounds: STX-478 30 mg/kg 
showed similar efficacy to alpelisib 20 mg/kg, and STX-478 
100 mg/kg showed efficacy similar to alpelisib 50 mg/kg 
(Fig. 4A). All treatments were well tolerated, with no change 
in body weight (Fig. 4B). Alpelisib raised serum insulin at 1 
hour after dose on day 28 (P = 0.0585; Fig. 4C), with a similar 
trend in glucose (P < 0.083; Fig. 4D).

PD biomarkers of target engagement (pAKT/AKT ratio) 
and STX-478 plasma and tumor drug levels were measured 1, 
4, and 12 hours after dose on day 3 (PK/PD group), and 1 and 
6 hours after final dose (day 28). The curve–fit relationship 
between tumor drug concentration and pAKT/AKT levels in 
CAL-33 tumor xenografts and in vitro is shown in Fig. 4E. The 
calculated IC50 from this curve fit was 45 nmol/L in tumor 

compared with 18 nmol/L from cell culture when corrected 
for matrix binding (Pearson r correlation coefficient = −0.613; 
P < 0.0001), demonstrating a convincing in vitro–in vivo corre-
lation. In this xenograft study, tumor growth inhibition 
(TGI) of 82% in the STX-478 100 mg/kg q.d. dose group was 
associated with average pAKT suppression of 57% (treated/
vehicle AUC1–12h); for the alpelisib 50 mg/kg q.d. group, a TGI 
of 79% was associated with average pAKT suppression of 66% 
(Fig.  4F). Unlike alpelisib, STX-478 did not reduce skeletal 
muscle pAKT/AKT (Fig. 4G).

Inhibition of PI3Kα is known to suppress glucose metabo-
lism in tumor and host tissues (17, 26–28). To assess the 
effects of alpelisib and STX-478 on this process, CAL-33 
tumor–bearing mice were pretreated with drug or vehicle and 
then given [U-13C]-glucose by oral gavage. After 30 minutes, 
the tumor and skeletal muscle metabolites were extracted and 
quantified using liquid chromatography–mass spectrometry 
(29). The oral bolus led to robust labeling of over 70% of circu-
lating glucose carbon in all groups (Supplementary Fig. S4). 

Figure 3. The effect of STX-478 and alpelisib on glucose homeostasis. A, Tumor-naive female BALB/c nude mice were dosed for 5 days as indicated 
(n = 5/group) and subjected to an ITT. On day 5, animals were fasted for 6 hours and dosed with drug by oral administration (p.o.) as indicated 1 hour prior 
to the end of the fast (−1 hour). At T = 0, animals were dosed with 0.75 U/kg by intraperitoneal (i.p.) insulin administration. Blood glucose levels were 
monitored over time, with group mean and standard error mean (SEM) indicated. B, AUCs were calculated from A; the AUC of each treatment group was 
compared with the vehicle group using ordinary one-way ANOVA and Dunnett multiple comparisons tests. C, An OGTT was performed similarly to the ITT (A), 
except at T = 0, when mice were dosed with 2 g/kg glucose and blood glucose was monitored over time, with group mean and SEM indicated. D, AUCs were 
calculated from C and analyzed by one-way ANOVA as described in B.
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Figure 4. Efficacy and PK/PD profiling of STX-478 and alpelisib in CAL-33 xenograft tumors. A and B, CAL-33 xenograft tumors were established in 
female BALB/c nude mice. Animals were randomized into treatment groups (n = 6) at approximately 160 mm3 and treated as indicated. Tumor (A) and 
body weight (BW; B) were measured 2×/week with group mean and standard error mean (SEM) shown. C and D, Mice bearing CAL-33 tumors were treated 
with oral (p.o) daily dosing of indicated treatment for 3 days, and serum insulin (C) and blood glucose (D) were measured, with individual values, group 
mean, and SEM shown with each treatment group compared with the vehicle group using ordinary one-way ANOVA and Dunnett multiple comparisons 
tests. E, pAKT (S473) was measured by Western blot in all CAL-33 tumors from mice in the 28-day efficacy study (30 and 100 mg/kg dose groups) and 
3-day PK/PD study (30, 100, and 300 mg/kg dose groups). pAKT (S473) and total AKT were measured in CAL-33 tumors by Western blot. The normalized 
pAKT (S473) levels were plotted against the unbound concentration (red). For reference, the in vitro pAKT dose response in CAL-33 cells (orange curve ) has 
been added (as in Fig. 2). F, pAKT levels in CAL-33 tumors showing only 100 mg/kg STX-478 and 50 mg/kg alpelisib over time. G, pAKT (S473) was measured 
by Western blot from the gastrocnemius of mice represented in E and F. Significance was measured using ordinary one-way ANOVA and Dunnett multiple 
comparisons tests. H, N = 4 mice were fasted for 4 hours and then administered vehicle, alpelisib (50 mg/kg), or STX-478 (100 mg/kg), followed 1 hour 
later with p.o. administration of [U-13C]-glucose. After 30 minutes, the tissues were collected and analyzed by mass spectrometry. The abundance of 
labeled [M+4] succinic acid (S), fumaric acid (F), and malic acid (M) in tumor and gastrocnemius is shown. Individual values, group mean, and standard 
error mean are shown with each treatment group compared with the vehicle group using two-way ANOVA and Holm–Šídák posttest. I, Plasma insulin was 
measured immediately before and 30 minutes after labeled-glucose administration.
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In tumors, both alpelisib and STX-478 significantly reduced the 
incorporation of [13C]- into tricarboxylic acid intermediates, a 
marker of glucose oxidation (Fig. 4H). However, only alpelisib-
treated mice demonstrated reductions in glucose oxidation in 
the skeletal muscle (Fig. 4H). This reduction occurred despite 
higher levels of circulating insulin in this group (30 minutes 
alpelisib vs. vehicle), suggesting insulin resistance in this tis-
sue (Fig.  4I). These data indicate STX-478 selectively inhibits 
mutant PI3Kα but not the WT enzyme found in host tissues.

STX-478 Is Efficacious across a Panel of 
PI3Kα-Mutant Cell-Derived Xenograft and 
Patient-Derived Xenograft Tumors without 
Evidence of Insulin Resistance

This detailed metabolic characterization of STX-478 and 
activity in the CAL-33 xenograft model established that the 
optimal STX-478 dose was 100 mg/kg q.d. and demonstrated 
that STX-478 was more efficacious than a clinically matched 
dose of alpelisib (20 mg/kg). Therefore, the STX-478 100 mg/kg 
q.d. dose was carried forward into a panel of PI3Kα-mutant 
cell-derived xenograft (CDX) and patient-derived xenograft 
(PDX) models representing colon cancer (GP2d), lung can-
cer (NCI-H1048), HNSCC (Detroit 562), and HR−HER2+ 
breast cancer (HCC1954). The efficacious high-dose alpe-
lisib (50 mg/kg q.d.) was included as a benchmark, and 
all studies were conducted in BALB/c nude mice. The key 
efficacy endpoint was TGI or regression, and tolerability 
measures included body weight and insulin levels at 1 hour 
after dose at the end of the study. No treatment-specific 
effects on body weight were noted with either STX-478 or 
alpelisib across studies (Supplementary Fig.  S5). The TGI 
of STX-478 100 mg/kg q.d. treatment was similar or supe-
rior to 50 mg/kg q.d. alpelisib treatment (Fig.  5A; Sup-
plementary Table  S3; and Supplementary Fig.  S5A–S5D).  
STX-478 demonstrated robust efficacy in GP2d tumor xeno-
grafts that express H1047 L PI3Kα, the second-most prevalent 
kinase-domain mutation. The waterfall plot shows tumor 
regressions in half of the STX-478–treated animals, whereas 
no regression was seen with alpelisib treatment (Fig.  5A). 
In the Detroit 562 HNSCC model, compelling efficacy was 
seen with both compounds, including tumor regressions in 
five of the nine study animals. Similarly, STX-478 and alpe-
lisib treatment provided comparable tumor growth control 
in NCI-H1048 lung carcinoma, which contains a double 
(H1047R/K411R) PI3Kα mutation, as well as in the HCC1954 
HR+HER2+ breast cancer model (Fig.  5A). In every study 
described above, significant increases in serum insulin were 
observed in animals dosed with alpelisib 50 mg/kg 1 hour 
after dose, whereas STX-478 100 mg/kg was not associated 
with elevated insulin (Supplementary Table  S3). Although 
both alpelisib and STX-478 treatment caused significant TGI, 
HCC1954 cells showed the lowest response of all cell lines 
tested in the CDX panel. HCC1954 cells were also less sensi-
tive to both agents in cell culture (Fig.  2C) and may reflect 
reduced efficacy of PI3Kα inhibitor monotherapy in HER2+ 
cancers due to compensatory HER3 activation (30, 31).

STX-478 and alpelisib monotherapies were evaluated in 
two breast cancer PDX models, ST1056 [kinase-domain 
mutant (H1047R)] and ST1799 [a double mutant with a 
hotspot helical-domain mutation and a kinase mutation of 

unknown significance (E542K/H1065L)]. We also evaluated 
a third HNSCC xenograft model (ST2652) carrying a helical-
domain mutation (E545K). STX-478 was highly efficacious 
in all three models, including the helical-domain mutant 
tumors, with efficacy similar to alpelisib (Fig.  5B) and no 
adverse effect on body weight (Supplementary Fig. S5E). For 
both STX-478 and alpelisib, a reduction in pAKT/AKT was 
seen 4 hours after dose (Fig. 5B). Given the importance of this 
finding, we examined a third helical-domain mutant PDX 
cell line (ST986, E542K), which is a HER2+ cancer. STX-478 
(100 mg/kg) and alpelisib (50 mg/kg) demonstrated simi-
lar TGI (Supplementary Fig.  S5F), providing a compelling 
rationale to test STX-478 in patients with either kinase or 
helical-domain mutant tumors.

Safety and Efficacy of Clinically Relevant 
Combination Therapies

Although alpelisib monotherapy yielded tumor responses 
in heavily pretreated ER+HER2− advanced breast cancer in 
phase I (26) and phase II (32) studies, the greatest therapeutic 
response tested was observed when alpelisib was adminis-
tered in combination with fulvestrant (33). Preclinical studies 
further suggested that a CDK4/6 inhibitor could also be an 
efficacious combination partner with a PI3Kα inhibitor (34). 
To gauge the efficacy potential of combinations, we studied 
STX-478 and fulvestrant monotherapy and combination ther-
apy in the T47D cell xenograft model. In the ER+HER2− PDX 
model, STX-478, fulvestrant, and palbociclib monotherapies, 
as well as their pairwise and triple combinations, were assessed.

The T47D cell line represents an important estrogen-
dependent, ER+HER2− breast cancer benchmark to test the 
mutant PI3Kα mechanism and previously characterized with 
alpelisib treatment (21). STX-478 monotherapy demonstrated 
dose-dependent TGI, with the 50 mg/kg q.d. dose achieving 
TGI similar to high-dose alpelisib (50 mg/kg q.d.) and the STX-
478 100 mg/kg q.d. dose yielding significant tumor regression 
in every animal (Fig. 6A). Fulvestrant monotherapy provided 
only ∼50% TGI, while adding 50 or 100 mg/kg dose levels of 
STX-478 to fulvestrant treatment led to 20% and 70% regres-
sions, respectively. Fulvestrant monotherapy and STX-478 
combinations were well tolerated (Supplementary Fig.  S6). 
Single-dose PK/PD measures were performed in tumors col-
lected 4 hours after administration of STX-478 100 mg/kg 
and 24 hours after fulvestrant. Biomarkers of PI3Kα pathway 
activity, pAKT and pS6, were modestly reduced by fulvestrant, 
whereas STX-478 led to significant inhibition as assessed by 
Western blot and IHC (Fig. 6B and C, respectively).

Combination studies were extended to breast cancer PDX 
models, which may be a more predictive translational model 
for oncology drug development (35). In ST928, an H1047R, 
ER+HER2+ tumor, STX-478 and palbociclib monotherapy 
each provided modest TGI, but near-complete TGI was 
observed in combination (Fig. 6D). Fulvestrant provided no 
monotherapy or combination benefit, but all combinations 
were well tolerated (Fig.  6D and E). We also tested STX-
478 combinations in an aggressive ER+HER2− breast cancer, 
ST1056. Tumors grew rapidly in the vehicle, palbociclib, and 
fulvestrant monotherapy groups, as well as the fulvestrant 
and palbociclib combination group, requiring animals to 
be removed from the study by day 17 (Fig.  6F). STX-478 
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monotherapy led to durable tumor growth suppression for 
49 days or more. The addition of palbociclib to STX-478 
treatment provided no additional benefit in any group. The 
most remarkable responses occurred with the combination 
of STX-478 and fulvestrant. Tumor suppression continued to 
day 94 in every animal until treatment was stopped, and mod-
est regrowth was observed after only a month off treatment 
when the study ended (Fig 6F). All treatments, including the 
triple combination of STX-478, fulvestrant, and palbociclib, 
were well tolerated for over >90 days of dosing (Fig. 6G).

DISCUSSION
The development of PI3Kα inhibitors to treat cancer has 

been a journey of incremental improvements. First-genera-
tion orthosteric inhibitors such as buparlisib lacked isoform 
selectivity and were associated with an unacceptable toxicity 
profile despite having promising signs of efficacy (36, 37). 
The development of alpelisib with α-isoform selectivity led 

to an effective treatment option for patients with PI3Kα-
mutant, ER+HER2− breast cancer. However, inhibition of the 
WT PI3Kα in metabolic tissues restricts the full potential of 
this therapy. STX-478 provides the next logical step in the 
evolution of PI3Kα inhibitors and allows us to now test the 
hypothesis that a mutant-selective PI3Kα inhibitor will sig-
nificantly improve the therapeutic window and transform the 
treatment paradigm for PI3Kα-mutant cancers.

Here we show the first crystal structure of PI3Kα bound to 
STX-478 within a novel, cryptic allosteric site. This site is pre-
sent in both mutant and WT enzyme forms, and it is distinct 
from the previously described PIK108 allosteric site [Protein 
Data Bank (PDB) identifier 4A55; ref. 38]. STX-478 binding 
kinetics revealed a faster association rate with the H1047R 
mutant and a slightly faster association rate with the E545K 
mutant, suggesting that these mutations open the allosteric 
site more readily, enabling the mutant selectivity of STX-
478. This site has remarkable plasticity, allowing STX-478 
to sit adjacent to the activation loop after rearrangement of 
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several residues. Cellular pharmacology assay results showed 
STX-478 to have equivalent or superior target engagement 
as alpelisib in cell lines harboring kinase-domain mutants of 
PI3Kα, and this correlated with cell viability.

In a large-scale screen comprising over 900 tumor cell lines, 
STX-478 selectively inhibited the proliferation of cell lines with 
kinase-domain and helical-domain mutations compared with 
cells expressing WT PI3Kα. This pattern is similar to results 
achieved with alpelisib and consistent with clinical data show-
ing that efficacy is superior in tumors expressing PI3Kα muta-
tions (23). The sensitivity of helical-domain mutant cell lines 
to STX-478 was somewhat unexpected given the decreased 
potency relative to kinase-domain mutations in biochemical 
assays and the isogenic cell setting. Nonetheless, it is clear 
from the PDX studies that STX-478 has significant antitumor 
activity in both kinase- and helical-domain mutant xenografts 
at a dose that does not cause metabolic dysregulation.

Selective targeting of mutant PI3Kα with STX-478 avoided 
systemic metabolic dysfunction that was caused by equally 
efficacious doses of alpelisib. STX-478 preserved glucose 
uptake in human adipocytes and did not induce insulin 
resistance in vivo. The selective targeting of mutant PI3Kα 
was further shown by differential effects of STX-478 on 
pAKT/AKT suppression in tumor and muscle, and by assess-
ing glucose oxidation in these tissues with an isotope-labeled 
glucose OGTT. These data indicate a superior metabolic 
safety profile of STX-478 relative to alpelisib, which may fur-
ther enhance efficacy by blunting counterregulatory insulin 
spikes that diminish effectiveness in preclinical studies (17).

STX-478 monotherapy was studied in a panel of 10 CDX 
and PDX tumors comprising primarily breast and HNSCC 
tumors, with one example each for colon and lung cancers, 
representing prevalent PI3Kα-mutated cancer types for which 
there is a high unmet need. STX-478 100 mg/kg q.d. demon-
strated robust efficacy in xenograft models that was similar or 
superior to high-dose alpelisib, giving a mouse alpelisib expo-
sure that exceeded patient exposure by approximately 2-fold 
(based on AUC24h with 50 mg dose). STX-478 was equally 
efficacious in xenografts bearing the H1047L variant, the sec-
ond-most prevalent kinase-domain mutation after H1047R. 
Importantly, STX-478 treatment was highly efficacious in 
PDX tumors harboring E545K and E542K mutations, as well 
as in tumors containing secondary PI3Kα mutations, which 
occur in about 10% of primary tumors (39).

CDK4/6 inhibitors and antiestrogen therapies are impor-
tant standard-of-care treatments for ER+ breast cancer. In the 
benchmark T47D ER+HER2− breast cancer CDX model, ful-
vestrant monotherapy provided a moderate level of tumor 
growth control, whereas low-dose STX-478 monotherapy and 

high-dose alpelisib resulted in tumor stasis. The combination 
of fulvestrant with low-dose STX-478 was superior to low-dose 
STX-478 monotherapy, with regressions in most animals. The 
higher dose of STX-478 resulted in deep tumor regressions with 
or without fulvestrant combination therapy. Palbociclib, fulves-
trant, and STX-478 monotherapies, as well as all combinations, 
including triple therapy, were studied in an aggressive breast 
cancer PDX model (ST1056). Although STX-478 monotherapy 
provided robust and durable responses in this model, the 
combination of fulvestrant and STX-478 provided exceptional 
tumor growth control, with regressions that were sustained in 
every animal for over 90 days of treatment and maintained for 
weeks after treatment was stopped. Although palbociclib dem-
onstrated limited efficacy as a monotherapy or in combination 
with STX-478 in this PDX model, triple- combination therapy 
with STX-478 and fulvestrant was well tolerated in mice for 
over 90 treatment days. In a CDK4/6 inhibitor–sensitive PDX 
model, there was a combinatorial benefit between STX-478 
and palbociclib with no overt toxicity. In contrast, the triple 
combination of alpelisib with ribociclib and fulvestrant was 
not tolerated in the clinic and resulted in elevated hepatobiliary 
toxicity, as well as increased incidence and severity of rash (40). 
These results highlight the challenge in developing effective 
combination regimens with drugs with a narrow therapeutic 
index and support the evaluation of STX-478 as a potentially 
improved combination partner in this setting. It should be 
noted that inavolisib, another orthosteric PI3Kα inhibitor, is 
currently being evaluated in a phase III clinical trial in combina-
tion with palbociclib and fulvestrant (NCT04191499), and the 
tolerability of this combination is yet to be defined.

STX-478 is one of four allosteric, mutant-selective PI3Kα 
inhibitors to recently enter clinical development, albeit nei-
ther the specific chemical entities of the three other inves-
tigational compounds nor the description of how they 
structurally interact with PI3Kα has been disclosed, prevent-
ing direct comparison with STX-478. A recent review sum-
marizes data that have been disclosed at scientific conferences 
(20) and enables some general comparisons. STX-478 and 
RLY-2608 show similar binding kinetics to mutant enzymes 
and have inhibitory activity against both helical- and kinase-
domain mutants in culture and xenografts, suggesting they 
could bind to the same site. On the other hand, LOXO-
783 appears to have exclusive activity against the H1047R-
mutated PI3Kα. In addition, STX-478 and LOXO-783 were 
both reported to have brain exposure, potentially making 
these compounds suitable to treat the significant population 
of patients with advanced breast cancer who develop brain 
metastases (20, 41). There is considerable excitement for 
the potential for these second-generation, mutant-selective 

Figure 6. STX-478 combination therapies in ER+ breast cancer models with fulvestrant and palbociclib. A, T47D xenograft tumors were established 
in female NOD scid gamma immunodeficient (NSG) mice. When tumors reached approximately 200 mm3, mice were randomized and treated as indicated 
(p.o., oral administration; q.d., daily; q.w., weekly; s.c., subcutaneous injection). Data represent the percent change in tumor volume of individual tumors 
on day 20 relative to randomization. B and C, NSG mice bearing T47D tumors were given a single dose of vehicle or compound(s) as indicated. Tumors 
were harvested 4 hours after STX-478 and 24 hours after fulvestrant for Western blot of pAKT (S473) and S6 (S240/244; B), and IHC of pAKT (S473; C). 
AKT and S6, and pS6 and pAKT (S473) groups were blotted and analyzed together. All samples for a given protein were run on the same gel. A representa-
tive vinculin blot is shown. For clarity, images were cropped to remove other compounds. Representative 20× IHC images are shown with a 200-μm scale 
bar. D, ST-928 xenograft tumors were established in BALB/c nude mice and randomized to indicated treatment groups when tumors reached ∼210 mm3. 
BrCa, breast cancer. E, Percent change in body weight for D. F, ST1056 xenograft tumors were established in BALB/c nude mice. Mice were randomized to 
treatment groups as indicated when tumors reached approximately 260 mm3. Mice were treated for 94 days or until removal from the study due to tumor 
volume. After 94 days, treatment was ended, and tumors were monitored for regrowth. G, Percent change in body weight for F.
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inhibitors to bring transformational benefits to patients with 
PI3Kα-mutant cancers.

In conclusion, PI3Kα is a dynamic enzyme that func-
tions in a complex lipid membrane environment, integrat-
ing inputs from numerous signaling pathways. Previous 
studies established that helical- and kinase-domain classes 
of mutations activate PI3Kα by distinct mechanisms and 
are differentially activated in cells (42, 43). We are just begin-
ning to elucidate how STX-478 modulates mutant-selective 
PI3Kα inhibition through the cryptic pocket. Although 
X-ray cocrystal structures did not provide a structural expla-
nation for mutant selectivity, differences in binding kinet-
ics provide a strong hypothesis for kinase-domain mutant 
selectivity that is somewhat weaker for helical-domain 
mutant selectivity. Likewise, the biochemical assays and 
isogenic in vitro cell systems may be imperfect surrogates for 
predicting WT PI3Kα inhibition in vivo and the observed 
therapeutic index. Regardless, some in vitro measures clearly 
demonstrate a lack of potent WT inhibitory activity of 
STX-478, as demonstrated in insulin-mediated glucose uptake 
in primary human adipocytes and in the Broad Institute’s 
PRISM cell viability panel screen, which can be viewed as 
a population-based model of cancer therapeutic response 
in which STX-478 demonstrated selective inhibition of 
kinase- and helical-domain mutant PI3Kα tumor cell lines 
compared with WT. Thus, our results are consistent with 
STX-478 having broad activity across kinase- and helical-
domain PI3Kα-mutant tumors, with a range of activity 
in individual cancers not unlike alpelisib, while sparing 
metabolic dysfunction. STX-478 and the identification of 
the PI3Kα cryptic allosteric site expand our understanding 
of novel pharmacology, which may be leveraged to improve 
the treatment of cancer as well as PI3Kα-related overgrowth 
syndrome diseases (44).

METHODS
STX-478 Synthesis and Alpelisib

STX-478 was prepared according to the procedure reported in 
WO2022265993 (Compound 80; ref. 45). Alpelisib (>99% purity) was 
purchased from MedChemExpress (#HY-15244).

X-Ray Crystallography
Protein Expression and Purification. PI3Kα (1–1068; H1047R) 

and HIS6-tagged p85α (308–593) for crystallization were coexpressed 
in Sf21 insect cells in media with 1 μmol/L of GDC-0077 (ina-
volisib). The cells were harvested after 66 hours at 27°C and stored 
at −80°C until lysed in a Microfluidizer LM10 with buffer contain-
ing 50 mmol/L Na3PO4 pH 8.0, 300 mmol/L NaCl, 5% glycerol, 
10 mmol/L imidazole, 2 mmol/L Tris (2-carboxyethyl) phosphine 
hydrochloride (TPED), 1 mmol/L MgCl2, 0.1% NP-40, a cOmplete 
EDTA-free protease inhibitor tablet (1 tablet/100 mL buffer; Roche), 
and 10 μmol/L GDC-0077.

The H1047R heterodimer was purified by Ni-NTA chromatography 
column equilibrated with 20 mmol/L Na3PO4 pH 8.0, 300 mmol/L 
NaCl, 5% glycerol, 20 mmol/L imidazole, and 1 mmol/L TCEP. After 
washing, the target protein was eluted in a buffer supplemented with 
300 mmol/L imidazole. Anion exchange was performed with a HiTrap 
Q FF column (Cytiva) using 20 mmol/L Tris/HCl pH 8.5, 50 mmol/L 
NaCl, 5% glycerol, and 1 mmol/L TCEP (buffer A), to which 1 M NaCl 
was added for gradient elution (buffer B). Size-exclusion chromatog-
raphy was used to polish and buffer exchange into 20 mmol/L Tris/

HCl pH 8.0, 150 mmol/L NaCl, and 1 mmol/L TCEP. The protein 
complex was concentrated to 20.5 mg/mL using an Amicon Ultra 
concentrator and stored at −80°C until crystallization.

The WT PI3Kα (1–1068) and HIS6-tagged p85α (308–593) complex 
for crystallization was similarly coexpressed and purified. Proteins 
were expressed in HF insect cells in the presence of 50 nmol/L GDC-
0077. Lysis buffer contained 50 mmol/L Na3PO4 pH 8.0, 400 mmol/L 
NaCl, 5% glycerol, 10 mmol/L imidazole, 1% Triton X-100, 5 mmol/L 
β-mercaptoethanol, 1 mmol/L Na3VO4, and cOmplete EDTA-free 
protease inhibitor. The heterodimer was purified with Ni-NTA affi-
nity capture, followed by anion exchange (50–500 mmol/L NaCl gra-
dient). SEC polishing was performed in 50 mmol/L HEPES pH 8.0, 
150 mmol/L NaCl, and 1 mmol/L DTT.

Full-length constructs (PI3Kα 1–1068 and p85 1–724) for WT, 
M1043X, H1047X, and G1049R proteins were similarly coexpressed 
and purified with minor differences. The TEV-cleavable His tag was 
fused to the p110 subunit instead of p85. Full-length complexes were 
expressed in HF insect cells in the presence of 50 nmol/L GDC-0077. 
Lysis buffer contained 50 mmol/L Na3PO4 pH 8.0, 400 mmol/L 
NaCl, 5% glycerol, 10 mmol/L imidazole, 1% Triton X-100, 5 mmol/L 
β-mercaptoethanol, 1 mmol/L Na3VO4, and cOmplete EDTA-free 
protease inhibitor (Roche). Full-length complexes were similarly puri-
fied by Ni-NTA equilibrated in lysis buffer, washed with lysis buffer 
supplemented with 20 mmol/L imidazole, and eluted in 250 mmol/L 
imidazole. Complexes were subsequently purified by anion exchange 
with a HiTrap Q FF column (Cytiva) using 50 mmol/L Na3PO4 
pH 8.0 with 1 mmol/L dithiothreitol (DTT; buffer A) and gradient 
50 mmol/L HEPES pH 8.0, with a 150 to 500 mmol/L NaCl gradient 
(buffer B). Protein complexes were dialyzed into 50 mmol/L HEPES 
pH 8.0, 150 mmol/L NaCl, and 1 mmol/L DTT for SEC polishing.

Crystallization, Data Collection, and Processing. Crystals of the 
PI3Kα/p85α heterodimer in complex with GDC-0077 and STX-478 
were obtained at a concentration of 10 mg/mL. The heterodimer 
was preincubated with 0.09 mmol/L each of GDC-0077 and STX-
478 (H1047R) for 1 hour or 0.1 mmol/L STX-478 for 2 hours at 4°C 
(WT). The H1047R sample was mixed 1:1 with reservoir solution 
[0.1 M MES pH 6.8, 0.5 M NaCl, and 5% (w/v) polyethylene glycol 
3350] and equilibrated at 293 K over 60 μL of reservoir solution. 
The WT sample was mixed 1:2 with reservoir solution [0.1 M MES 
pH 6.8, 0.5 M sodium chloride, and 8% (w/v) PEG 3350]. Crystals 
were cryoprotected in a reservoir solution supplemented with 30% 
ethylene glycol and flash frozen in liquid nitrogen. A complete 2.9 Å 
dataset of a PI3Kα (H1047R)/p85α/GDC-0077/STX-478 crystal was 
collected at the European Synchrotron Radiation Facility (ESRF, 
beamline ID30A1). A 3.11 Å dataset of PI3Kα/p85α/GDC-0077/STX-
478 crystal was collected at Spring8 (beamline BL45XU). Data were 
integrated, analyzed, and scaled by the programs XDS (46), POINT-
LESS, AIMLESS (47), and STARANISO (H1047R dataset only) in 
autoPROC (48).

Structure Solution and Refinement. H1047R and WT datasets 
used an isomorphous reference model of PI3Kα in complex with 
p85α as a starting model for restrained refinement. Several rounds 
of refinement with the programs BUSTER RRID:SCR_015653 
(H1047R) and REFMAC5 RRID:SCR014225 (WT), and modeling 
in COOT (RRID:SCR_01422, resulted in the final model. Atomic 
displacement factors were modeled with a single isotropic B-factor 
per atom and a single TLS group per chain (H1047R). NCS restraints 
were used (H1047R and WT). The final model consisted of two 
heterodimers in the asymmetric unit, both bound with STX-478 
and GDC-0077. The chain A and B heterodimer was better resolved 
than the other heterodimer and was therefore used in the analysis 
of STX-478 binding. Statistics for the crystal structures are reported 
in Supplementary Table  S1. Images were generated using PyMOL 
RRID:SCR_000305.
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SPR
Biotinylated proteins were immobilized onto a streptavidin sensor 

chip. Compound binding kinetics and affinities were measured in the 
single-cycle kinetics mode. The running buffer contained 50 mmol/L 
Tris pH 7.5, 150 mmol/L NaCl, 0.01% Brij 35, 1 mmol/L DTT, 1 mmol/L 
MgCl2, 0.05% Tween-20, and 2% DMSO. The assay temperature was 
maintained at 25°C, and data were fit into the 1:1 binding model.

PI3Kα ATPase Assay
Full-length WT, M1043X, H1047X, G1049R, E545K, or E542K 

enzyme (1–10 nmol/L) was incubated with vehicle or compound 
at room temperature for 1 hour, followed by the addition of ATP 
(90 μmol/L final) to initiate the enzyme reaction. Assay buffer con-
tained 50 mmol/L Tris, 150 mmol/L NaCl, 0.01% Brij 35, 15 mmol/L 
MgCl2, 0.05% Tween-20, and 1 mmol/L DTT. ADP production was 
measured after a 100-minute incubation at room temperature, using 
the ADP-Glo kit (Promega, #V9102).

Kinome Selectivity Profiling
In vitro kinase profiling assay of STX-478 was assessed across 373 

kinases (KinaseProfiler, IC50Profiler; Eurofins Cerep).

Cellular Assays
Cellular assay experiments were performed at a contract research 

organization (CRO) or internally at Scorpion Therapeutics. The BT-20 
cell line was purchased by the CRO from ATCC (2016) and grown 
in DMEM with 10% FBS; it was last authenticated by short tandem 
repeat (STR) analysis and Mycoplasma tested in April 2023. The CAL-
148 cell line was purchased by a CRO from DSMZ (2018) and grown 
in DMEM with 10% FBS; it was last authenticated by STR and Myco-
plasma tested in May 2023. The CAL-33 cell line was purchased from 
DSMZ (2021) and last authenticated by STR and Mycoplasma tested in 
March 2022. CAL-33 was purchased by the CRO from CoBioer (2018); 
it was last authenticated by STR in September 2021 and Mycoplasma 
tested in June 2021. The Detroit 562 cell line was purchased from 
ATCC (2021) and grown in EMEM with 10% FBS; it was last authenti-
cated by STR and Mycoplasma tested in August 2021. Detroit 562 was 
purchased by the CRO from ATCC (2015); it was last authenticated by 
STR in June 2023 and Mycoplasma tested in October 2022. The EFM-
19 cell line was purchased from DSMZ (ACC 231) and grown in RPMI 
with 10% FBS; it was last authenticated by STR and Mycoplasma tested 
in December 2021. EFM-19 was purchased by the CRO from CoBioer 
(2018); it was last authenticated by STR in January 2022 and Myco-
plasma tested in June 2023. The GP2d cell line was purchased from 
Sigma-Aldrich (2021) and grown in DMEM with 10% FBS; it was last 
authenticated by STR and Mycoplasma tested in August 2021. GP2d 
was purchased by the CRO from CoBioer; it was last authenticated by 
STR in October 2022 and Mycoplasma tested in December 2021. The 
HCC1954 cell line was purchased from ATCC (2020) and grown in 
RPMI with 10% FBS; it was last authenticated by STR in August 2021 
and Mycoplasma tested in October 2021. HCC1954 was purchased by 
the CRO from ATCC (2016); it was last authenticated by STR in April 
2023 and Mycoplasma tested in June 2023. The NCI-H1048 cell line 
was purchased from ATCC (2021) and grown in DMEM:F12 with 10% 
FBS; it was last authenticated by STR and Mycoplasma tested in August 
2021. NCI-H1048 was purchased by the CRO from ATCC (2017); it 
was last authenticated by STR and Mycoplasma tested in March 2022. 
The OAW42 cell line was purchased by the CRO from CoBioer (2019) 
and grown in DMEM with 2 mmol/L glutamine, 1 mmol/L sodium 
pyruvate (NaP), 20 IU/L bovine insulin, and 10% FBS; it was last 
authenticated by STR and Mycoplasma tested in May 2023. The SKBR3 
cell line was purchased from ATCC (2020) and grown in McCoy’s with 
10% FBS; it was last authenticated by STR in August 2020 and Myco-
plasma tested in August 2021. SKBR3 was purchased by the CRO from 

ATCC (2011); it was authenticated by STR in January 2021 and Myco-
plasma tested in May 2023. The T47D cell line was purchased from 
ATCC (2020) and grown in RPMI with 10% FBS and 0.2 units/mL 
bovine insulin; it was last authenticated by STR in December 2021 
and Mycoplasma tested in May 2023. T47D was purchased by the CRO 
from ATCC (2015); it was last authenticated by STR in February 2023 
and Mycoplasma tested in December 2021. The MCF10A isogenic cell 
lines (parent, H1047R± and E545K+/−) were purchased from Horizon 
Discovery (2020) and grown in Lonza’s MEGM BulletKit media 
(#CC-3150) supplemented with 100 ng/mL cholera toxin. STR and 
Mycoplasma PCR tests were done at IDEXX; Mycoplasma testing done 
by the CRO was a biochemical test. Cells were not passaged more than 
16 times internally and not more than 10 times at the CRO. See Sup-
plementary Table S4 for additional details.

pAKT Homogenous Time-Resolve Fluorescence
A 384-well phospho-AKT (S473) HTRF (Homogenous Time-Resolve 

Fluorescence; PerkinElmer, #64AKSPEH) assay was used for target 
engagement. Each well was seeded with cell numbers indicated in 
Supplementary Table S3 in a volume of 12.5 μL in complete, phenol 
red-free media and then treated for 1 hour at 37°C with 5% CO2 
before reading on a PHERAstar plate reader.

Cell Proliferation
Cell viability was measured using CellTiter-Glo (Promega, #G9243). 

Indicated cell lines were seeded according to Supplementary Table S3 
in 50 μL of media in 384-well plates, with 72 hours of treatment at 
37°C with 5% CO2.

STX-478 was submitted to the Broad Institute PRISM high-
throughput cell viability screen (https://www.theprismlab.org/). The 
AUC metric was calculated using PharmacoGx R package (49).

Human Adipocyte 3H-2-Deoxyglucose Uptake
Primary human subcutaneous adipocytes were treated with a test 

compound or vehicle for 1 hour followed by the addition of 10 nmol/L 
insulin and 3H-2-deoxyglucose (Zen Bio Durham, assay #CA-25, Lot 
#SL0071). Cytochalasin B treatment controlled for nonspecific glu-
cose uptake. Corrected counts per minute were determined using a 
scintillation counter.

Animal Studies
All animal handling and treatment procedures were performed 

according to the approved Institutional Animal Care and Use Com-
mittee guidelines following the Association for Assessment and 
Accreditation of Laboratory Animal Care guidance. Cell line xeno-
grafts were performed in BALB/c nude mice except for the T47D 
model that used NOD scid gamma immunodeficient (NSG) mice 
implanted with 17-beta estradiol tablets (0.5 mg, 90-day release). PK/
PD studies with xenograft tumors were established using standard 
protocols. PDX models were performed by XenoSTART. STX-478 
and alpelisib were formulated in 30% 2-hydroxylpropyl-beta-cyclo-
dextrin pH 8. Tissue Western blots used standard protocols with 
snap-frozen tissues in radioimmunoprecipitation assay buffer with 
protease inhibitors. Primary antibodies pAKT (S473; AB_2315049), 
AKT (AB_1147620), and vinculin (AB_2728768) from Cell Signaling 
Technology, and secondary antibodies IRDye 680CW Goat anti-
Mouse IgG (AB_10956588) and IRDye 800CW Goat anti-Rabbit IgG 
(AB_621843) from LI-COR were used. IHC samples were fixed in 
10% NBF for 24 hours and transferred into 70% ethanol, followed by 
embedding, sectioning, staining, and quantification of tumor pAKT 
(Cell Signaling Technology #4060) and pS6 (Cell Signaling Technol-
ogy #35708). Plasma and tissue bioanalytical analysis of STX-478 or 
alpelisib was carried out following protein precipitation using liquid 
chromatography with tandem mass spectrometry. All methods and 
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limits of quantification were adequate regarding specificity and sen-
sitivity to support the PK analysis.

OGTT and ITT studies in BALB/c nude were carried out after 5 days 
of treatment. Food was removed for 5 hours, drug administered, and 
then 2 g/kg oral glucose (OGTT), or 0.75 U/kg intraperitoneal insu-
lin (ITT; Lilly, #H1079), was administered 1 hour later. Blood glucose 
was measured at times indicated following tail-vein collection or 
terminal bleed (One Touch Glucose Meter, Roche, ACCU-CHEK Per-
forma, #06454038). Insulin was measured by ELISA (Crystal Chem, 
#90082). Metabolic profiling in CAL-33 tumor–bearing mice was ini-
tiated following a 4-hour fast with the dosing of the indicated drug. 
After 60 minutes, 300-mg 13C-labeled glucose (Cambridge Isotope 
Labs, #CLM-1396-0) was delivered by oral administration. Tissues 
were collected just prior to labeled glucose administration (0 hours) 
or after 30 minutes, snap-frozen, and analyzed (NYU metabolic core 
using Hybrid Metabolomics protocol, RRID:SCR_017935).

Data Availability
Atomic coordinates and structure factors for the cocrystal X-ray 

structures of STX-478 with H1047R PI3Kα and WT PI3Kα have been 
deposited in the PDB with the codes 8TGD and 8TDU, respectively.
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