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Abstract

Background
The phosphatidylinositol 3-kinase (PI3K)-protein kinase B (AKT) signaling pathway plays a pivotal role in
cancer drug resistance. Thus, targeting this axis provides a vulnerability in cancer therapies, particularly
for breast cancer. To this end, inavolisib, a highly selective PI3Kα inhibitor, has been recently approved
for clinical use in breast cancer therapies. However, acquired resistance remains a challenge.

Methods
We established the acquired resistance cell lines with PIK3CA-mutation to inavolisib in both hormone
receptor-positive (HR+) and human epidermal growth factor receptor 2-positive (HER2+) conditions.
Subsequently, we screened a library of 1,729 Food and Drug Administration (FDA)-approved compounds
using cell viability assays. RNA-seq revealed signaling pathway differences between resistant and
parental cells. The synergistic effects of candidate sensitizers with inavolisib were validated using cell
viability, colony formation, apoptosis, and wound healing assays. The role of spleen tyrosine kinase
(SYK) was assessed by using pharmacological inhibition, CRISPR/Cas9-mediated knockout, and siRNA-
mediated knockdown.

Results
Screening of the FDA-approved drug library identified several inhibitors, especially fostamatinib, a well-
established SYK inhibitor used for chronic immune thrombocytopenia (ITP), as potent sensitizers in
HER2 + inavolisib-resistant cell lines. Further experiments showed that fostamatinib could efficiently
sensitize inavolisib-resistant cells to inavolisib treatment by decreasing colony formation and increasing
apoptosis. Mechanistically, inavolisib-resistant cells exhibited highly phosphorylated SYK. As a result,
SYK knockout restored sensitivity to inavolisib and, when combined, synergistically enhanced both this
effect and the suppression of cell migration.

Conclusions
These findings together indicate that targeting SYK with fostamatinib overcomes acquired resistance to
inavolisib in PIK3CA-mutant HER2 + breast cancer cells, supporting further evaluation of this
combination in clinical settings.

Background
Human epidermal growth factor receptor 2-positive (HER2+) breast cancer accounts for 15%–20% of all
breast cancers and is associated with a poorer prognosis (1). Although anti-HER2 targeted therapies,
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including monoclonal antibodies (e.g., trastuzumab, antibody-drug conjugates) and tyrosine kinase
inhibitors, have substantially improved outcomes (2), primary and acquired resistance remain major
clinical challenges. Oncogenic PIK3CA mutations, which occur in approximately 30% of HER2 + breast
cancers (3), correlate with lower pathologic complete response rates and resistance to multiple HER2-
targeted therapies (4–6). These findings establish PIK3CA mutation as a critical driver of treatment
resistance in HER2 + breast cancer, highlighting the urgent need to understand and target the underlying
signaling mechanisms.

The phosphatidylinositol 3-kinase (PI3K)-protein kinase B (AKT) signaling pathway is the primary
downstream effector of PIK3CA mutations and plays a pivotal role in tumorigenesis, particularly in breast
cancers (7), due to frequent alterations in its key components, including gain-of-function mutations in
PIK3CA and AKT, amplification of HER2, or loss-of-function mutations in PTEN (8–10). Although this
pathway is primarily known for promoting tumor growth, its anti-apoptotic function has garnered
increasing attention in the context of cancer therapies, including chemotherapy, radiotherapy, and
targeted therapies (11–13). Consequently, the PI3K-AKT axis has been considered a key target for
restoring therapeutic efficacy. To this end, substantial efforts have been devoted to developing PI3K and
AKT inhibitors for cancer treatment. However, adverse effects have hindered this development. More
recently, small-molecule drugs, including the AKT inhibitor capivasertib and the PI3Kα inhibitors alpelisib
and inavolisib, have been approved by the Food and Drug Administration (FDA) for breast cancer therapy
(14–16), albeit in specific molecular backgrounds. In HER2 + breast cancer, clinical trials evaluating
inavolisib in combination with anti-HER2 therapy are currently ongoing (17). Despite these advances,
acquired resistance to PI3Kα inhibitors such as inavolisib inevitably emerges in PIK3CA-mutant breast
cancer, raising the critical question: Can targeting alternative signaling nodes counteract this acquired
resistance?

In response to this question, it is critical to understand the mechanisms underlying acquired resistance
to PI3Kα inhibitors in PIK3CA-mutant breast cancer. Several resistance mechanisms have been
identified, including compensatory activation of bypass signaling pathways, disruption of negative
feedback loops, and metabolic or tumor microenvironment adaptations (18–22). Unfortunately, current
strategies to circumvent these mechanisms have shown limited success. Combinations with
mammalian target of rapamycin (mTOR) inhibitors or dual PI3K/mTOR inhibitors are limited by high
toxicity and modest efficacy, while targeting a single receptor tyrosine kinase fails to account for the
heterogeneity of compensatory signaling (23, 24). Therefore, identifying new therapeutic targets and
agents to specifically overcome inavolisib resistance in PIK3CA-mutant HER2 + breast cancer represents
an urgent and important scientific question.

Spleen tyrosine kinase (SYK) is a non-receptor tyrosine kinase that plays a central role in immune cell
signaling (25). The role of SYK in solid tumors remains highly controversial (26). Early studies suggested
that SYK functions as a tumor suppressor in breast cancer, and its loss of expression correlates with
tumor progression and metastasis (27). However, accumulating evidence has revealed a pro-tumorigenic
role of SYK. Aberrant SYK activation or overexpression in multiple solid tumor types is closely linked to
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tumor cell migration, invasion, chemoresistance, and the formation of an immunosuppressive tumor
microenvironment (28–31). Mechanistically, SYK drives these malignant phenotypes through regulation
of multiple cellular processes, including DNA repair signaling, autophagy, cytoskeletal dynamics, and
epithelial–mesenchymal plasticity, as well as modulation of the tumor immune microenvironment (28–
31). Fostamatinib is an oral SYK inhibitor approved by the FDA for the treatment of immune
thrombocytopenia (ITP) (32). Leveraging its favorable safety profile and pharmacokinetic properties, the
antitumor potential of fostamatinib in solid tumors is being increasingly explored. Preclinical studies
have shown that fostamatinib can remodel the tumor microenvironment, enhance antitumor immune
responses, and synergize with chemotherapy or targeted therapy in certain models (26, 33, 34).

Here, we established multiple HER2 + breast cancer cell lines with acquired resistance to inavolisib.
Using an FDA-approved drug library, we identified fostamatinib as a compound that synergizes with
inavolisib to overcome this resistance. We further demonstrated that fostamatinib suppresses
proliferation and migration of resistant cells by targeting SYK, offering a promising combination strategy
against inavolisib resistance, particularly in HER2 + breast cancer settings.

Methods

Cell culture and transfection
HEK293T, T47D, T47D-R, MDA-MB-453, and MDA-MB-453-R cells were maintained in DMEM (HyClone)
supplemented with 10% fetal bovine serum (FBS, Gibco). HCC1954 and HCC1954-R cells were
maintained in RPMI 1640 medium (HyClone) supplemented with 10% FBS. All resistant cell lines
(HCC1954-R, MDA-MB-453-R, and T47D-R) were maintained in their respective media supplemented with
low-dose inavolisib. Cell transfection, lentiviral production and sgRNA virus packaging and subsequent
infection were performed according to the protocols described previously (35). Following viral infection,
cells were maintained in the presence of puromycin (1 µg/ml).

Reagents and antibodies
Inavolisib (MCE, HY-101562), Fostamatinib (TargetMol, T6115), Cevidoplenib dimesylate (TargetMol,
T39437), Lanraplenib (TargetMol, T11824LL) were used at the indicated concentrations. Anti-phospho-
Ser473-AKT antibody (4060), anti-AKT1 antibody (2938), anti-phospho-ERK1/2 antibody (4370), anti-
ERK1/2 antibody (4695), anti-phospho-Tyr705-STAT3 (9145S), anti-phospho-STAT3 (12640S) and anti-
phospho-Tyr525/526-SYK (2710) were obtained from Cell Signaling Technology. Monoclonal anti-SYK
(66721-1-Ig) was obtained from Proteintech. Anti-Vinculin antibody (V4505) was obtained from Merck.

Screening FDA-approved drugs
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The FDA-approved drug library, containing 1,729 compounds, was obtained from TargetMol (L4200).
Compounds were stored as 10 mM aliquots at -80°C, and were subjected to a maximum of 5 freeze-thaw
cycles. HCC1954-R cells (3000 cells/well) and T47D-R cells (4000 cells/well) were seeded in 96-well
plates. The optimal cell number was determined to ensure that each was in the growth phase at the end
of the assay (~ 70% confluency). Cells were plated one day prior to treatment with each compound (10
µM), vehicle control and inavolisib (80 nM for HCC1954-R, 20 nM for T47D-R) individually or in
combination for 48h, and the relative cell viability was measured using Cell Counting Kit-8 (CCK8,
DOJINDO) assay. Drug synergy scores were calculated using the SynergyFinder + web application
(http://synergyfinderplus.org) (36). Schematic diagrams illustrating the generation of drug-resistant cells
and the screening workflow of the FDA-approved drug library were created using Generic Diagramming
Platform (https://biogdp.com) (37).

Cell viability assay and colony formation
Cell viability was determined using the CCK8 (DOJINDO) assay according to the manufacturer’s
instructions. Cells (3000 or 4000 cells/well) were seeded into 96-well plates and treated with increasing
concentrations of the indicated agents for 48h. The absorbance was measured at 450 nm after
incubation with 10 µl of CCK-8 reagent for 3h at 37℃. For colony formation assay, cells (1000 cells/well)
were seeded into 6-well plates and treated with or without indicated agents for 24h. After treatment,
cells were cultured for another 14–20 days until visible colonies formed. The colonies were washed
twice with PBS and fixed with 10% acetic acid/10% methanol for 20 minutes at room temperature and
then stained with crystal violet. After staining, the plate was washed and air-dried, and the colony
numbers (> 50 cells) were counted. Quantification of the results was performed with ImageJ software.

Annexin-V/7-Aminoactinomycin D double staining assay
To detect cellular apoptosis, cells treated with the indicated concentration of drugs for 24h, were co-
stained with Annexin-V-phycoerythrin (PE) and 7-Aminoactinomycin D (7-AAD) from Annexin V-PE
apoptosis detection kit I (BD Biosciences) according to the manufacturer’s instructions. Stained cells
were monitored with fluorescence-activated cell sorting.

sgRNAs and siRNAs
The lentiviruses for CRISPR/Cas9-based editing of SYK were generated by cloning the annealed short
guide RNAs (sgRNAs) into BsmBI-digested lenti-CRISPR V2 vector, which encodes both Cas9 and an
sgRNA of interest, as previously described (38). The sgRNAs were designed by

CRISPR design tool (crispr.mit.edu) as listed below:

sg-hSYK-1 Forward: 5′-CACCG GAAAGAAGTTCGACACGCTC
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sg-hSYK-1Reverse: 5′-AAAC GAGCGTGTCGAACTTCTTTC C

sg-hSYK-2 Forward: 5′-CACCG ATGAGATCGTACATCTCTCT

sg-hSYK-2 Reverse: 5′-AAAC AGAGAGATGTACGATCTCAT C

Small interfering RNAs targeting SYK transcript were synthesized by Suzhou Genepharma Co., Ltd.
(China) and the target sequences were as follows: si-SYK-#1 (5′-GCAGATGGTTTGTTAAGAGTT-3′) and si-
SYK-#2 (5′- GCATGAGTGATGGGCTTTATT-3′).

RNA-sequencing assay
For RNA‑seq, high‑quality total RNA was isolated and RNA‑seq libraries were prepared using the Optimal
Dual‑mode mRNA Library Prep Kit (BGI‑Shenzhen, China). The libraries were sequenced on the BGI
G400/T7/T10 platform (BGI‑Shenzhen, China). Raw reads were filtered using SOAPnuke (v1.6.5). Clean
reads were mapped to NCBI human genome GRCh38. Raw counts of genes were calculated by RSEM
(v1.3.1). Differentially expressed genes were identified by DESeq2 (v1.40.2). KEGG enrichment analysis
of differentially expressed genes was performed by Phyper based on a hypergeometric test.

Quantitative Real Time PCR
Total RNA was isolated from the cells using TRIzol Reagent (Invitrogen), and 1 µg of each RNA sample
was reverse transcribed to cDNA which was subsequently analyzed by quantitative real time PCR. All
reactions were carried out in triplicate. Relative gene expression was calculated using the 2-ΔΔCt
method. Housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an
internal control to normalize target mRNA expression. Primer sequences used were SYK forward (5’-
CATACTCCCTATCAGCCAGCCC-3’) and reverse (5’-TGACAATGCAGCTGTAGCCTCT-3’); GAPDH forward
(5’-CATCAAGAAGGTGGTGAAGCAG-3’) and reverse (5’-CGTCAAAGGTGGAGGAGTGG-3’).

Immunoblotting (IB)
Cells were lysed in EBC buffer (50 mM Tris pH 7.5, 120 mM NaCl, 0.5% NP-40) supplemented with
protease inhibitors (#4693132001, Roche) and phosphatase inhibitors (#4906837001, Roche). Whole
cell lysates were cleared by centrifugation at 8,000 rpm for 3 min. Protein concentrations were
determined using the Pierce™ BCA Protein Assay Kit (23225). Equal amounts of protein were mixed with
5× SDS loading buffer and boiled for 10 min. Equal amounts of whole cell lysates were resolved by SDS-
PAGE and immunoblotted with indicated antibodies. All antibodies were used at their recommended
dilutions in TBST buffer with 5% bovine serum albumin (BSA) for western blot. Quantification of the
immunoblot band intensity was performed with Image J (v1.54p) software.

Wound healing assays
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A line was scratched through confluent cultures in six-well plates. After washing with PBS, the cells were
cultured in serum-free medium containing the indicated drugs for 24h. The gap was inspected by
microscopy over time as the cells migrated into the wounded area.

Quantification and statistical analyses
GraphPad Prism (10.1.2) was used for statistical analysis. For all experiments, data were analyzed by
one-way analysis of variance (ANOVA) or two-way ANOVA. N represents the number of independent
experiments. Results were considered significant at *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 
0.0001.

Results

Generation of inavolisib-resistant breast cancer cell lines
for FDA drug library screening
Drug repurposing is widely adopted due to its low cost and short development cycle (39). The new PI3Kα
inhibitor inavolisib has shown clinical promise in PIK3CA-mutant advanced breast cancer. The INAVO120
trial demonstrated significant PFS and OS benefit in hormone receptor-positive (HR+) / human epidermal
growth factor receptor 2-negative (HER2-) patients, while the INAVO122 trial is ongoing in HER2 + 
populations (14, 17). Based on this clinical background, to investigate the potential drug resistance to
inavolisib, we established two PIK3CA-mutant HER2 + resistant cell lines (HCC1954-R and MDA-MB-453-
R) and one PIK3CA-mutant HR+/HER2- resistant cell line (T47D-R) by gradually increasing drug
concentrations over approximately 4 months (Fig. 1A-C, Fig. S1A). These models were used to further
screen for drugs that sensitize resistant cells to inavolisib.

Using a library of 1,729 FDA-approved compounds, we performed Cell Counting Kit-8 (CCK8)-based
screening assays in HCC1954-R and T47D-R cells to identify compounds that enhance the effect of
inavolisib (Fig. 1D, Fig. S1B). In HCC1954-R cells, the first-round screen selected compounds with a
relative cell viability ratio < 0.5 (combination vs inavolisib alone), yielding 170 candidates. The second-
round screen applied a ratio < 0.5 (combination vs candidate alone) to exclude compounds with
excessive single-agent toxicity. Among these, fostamatinib, a well-established SYK inhibitor, was
identified as a potential sensitizer to inavolisib in HER2 + breast cancer cells (Fig. 1E). However, after the
second-round screening, we did not identify any compound that specifically sensitized T47D‑R cells to
inavolisib (Fig. S1B), indicating that no FDA‑approved drug could efficiently enhance inavolisib efficacy in
HR+ breast cancer cells. Together, these findings suggest that the oral SYK inhibitor fostamatinib has
potential beyond its approved indications in the context of inavolisib resistance. We next focused on the
synergistic effect of fostamatinib and inavolisib in PIK3CA-mutant HER2 + resistant cells.

Fostamatinib synergizes with inavolisib to overcome acquired resistance in PIK3CA-mutant HER2 + 
breast cancer cells
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To validate the synergy between fostamatinib and inavolisib, we performed CCK8 assays and calculated
drug synergy scores as previously reported (36). All four synergy models produced scores above 10,
indicating strong synergy between fostamatinib and inavolisib in PIK3CA‑mutant HER2⁺ resistant cells
(Fig. 2A-B). In contrast, no synergy was observed in the corresponding parental cells or T47D-R cells
(Fig. 2C-D, Fig. S1C), suggesting subtype‑ and resistance‑specific effects. Colony formation assays
showed that the combination of fostamatinib and inavolisib significantly reduced the number and size of
colonies in resistant breast cancer cells (Fig. 3A), accompanied by elevated cell apoptosis, as detected
by Annexin-V/7-Aminoactinomycin D (7-AAD) double staining assays (Fig. 3B). However, fostamatinib
alone did not exhibit significant toxicity in resistant or parental cancer cells across these assays (Fig. 2,
Fig. 3). These results demonstrate that fostamatinib synergizes with inavolisib to overcome acquired
resistance in PIK3CA-mutant HER2 + breast cancer cells by suppressing cell viability, clonogenic
capacity, and promoting apoptosis.

Fostamatinib targets SYK to sensitize PIK3CA-mutant HER2 + resistant cells to inavolisib

We performed transcriptomic profiling of HCC1954-R and parental cells to explore the mechanism of
inducing drug resistance. Specifically, we observed that ECM-receptor interaction, focal adhesion, MAPK,
and PI3K-AKT pathways were upregulated in the resistant cells (Fig. 4A). However, SYK mRNA level was
downregulated in HCC1954-R (Fig. 4B, 4E). Western blot showed that phosphorylated SYK (p-SYK) level
was higher in resistant cells than in parental cells (Fig. 4B), despite reduced total SYK protein, which is
consistent with a previous finding that its protein level inversely correlated with its phosphorylation and
activation (40). This indicates that SYK is activated through post-translational modification despite
transcriptional suppression. In addition, p-ERK levels were elevated in resistant cells (Fig. 4B),
suggesting MAPK pathway activation. The increase in p-SYK and p-ERK may have maintained p-AKT
levels in resistant cells comparable to those in parental cells. After combination treatment, p-SYK and p-
ERK levels were markedly reduced (Fig. 4B), which could sensitize cells to cell death.

To determine the function of SYK in resistant cells, we first performed drug synergy experiments with
highly selective SYK inhibitors, cevidoplenib and lanraplenib, that have not been clinically approved (41,
42). Both inhibitors also showed synergy with inavolisib in PIK3CA-mutant HER2 + resistant cells (Fig. 4C,
S1D). We then knocked down SYK using different siRNAs (Fig. 4D-E). CCK8 assays showed that SYK
knockdown reduced the IC50 of resistant cells compared to control cells (Fig. 4F), suggesting that the
aberrantly activated SYK is required for maintaining inavolisib resistance. We further generated SYK
knockout (sgSYK) resistant cells using CRISPR/Cas9 (Fig. 4G). CCK8 assays confirmed that SYK
knockout also sensitized resistant cells to inavolisib, as evidenced by a reduced IC50 (Fig. S1E). Colony
formation assays showed that sgSYK alone decreased the clonogenic capacity of resistant cells, and the
combination with inavolisib resulted in a more pronounced suppression, indicating a synergistic effect
on long-term cell survival (Fig. 4H). Annexin-V/7-AAD double staining assays showed that sgSYK alone
or inavolisib alone did not induce significant apoptosis. However, sgSYK combined with inavolisib
markedly increased apoptosis (Fig. 4I). These results together indicate that SYK maintains the resistant
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phenotype by supporting proliferation and suppressing apoptosis. Thus, SYK inhibition, particularly in
combination with inavolisib, impairs both short‑term cell viability and long‑term clonogenic survival.

We next assessed the impact of SYK and PI3Kα inhibition on the migratory capacity of resistant cells
using scratch wound healing assays. In sgSYK resistant cells, depletion of SYK alone resulted in only a
partial reduction in migration. However, when combined with inavolisib, a marked suppression of cell
migration was observed (Fig. 5A, C). Consistent with this finding, pharmacological inhibition of SYK with
fostamatinib alone exerted a modest effect on cell migration, whereas the combination with inavolisib
led to a substantially more pronounced inhibition (Fig. 5B, D). Taken together, these results demonstrate
that concurrent targeting of SYK and PI3Kα is required to effectively impair the migratory capacity of
PIK3CA-mutant HER2 + resistant cells.

Discussion
Inavolisib, a highly selective PI3Kα inhibitor with mutant-selective and HER2-dependent p110α degrading
properties, has shown clinical benefit in PIK3CA-mutant breast cancer. It has now received US FDA
approval for the treatment of adult patients with PIK3CA-mutant, HR+/HER2- locally advanced or
metastatic breast cancer (14). However, acquired resistance remains a major challenge. Here, we
screened a library of 1,729 FDA-approved compounds and identified the SYK inhibitor fostamatinib as a
potent sensitizer to inavolisib in PIK3CA-mutant HER2 + resistant cells. As an oral SYK inhibitor,
fostamatinib has already been approved for immune thrombocytopenia with a well-characterized safety
profile. We show that fostamatinib, by targeting SYK, exerts synergistic antitumor effects with inavolisib
in preclinical resistant tumor models, highlighting its potential for later-line treatment. Together, our
findings establish SYK as a key mediator of resistance and provide a preclinical rationale for combining
fostamatinib with inavolisib to overcome acquired resistance. However, owing to the limited supply of
inavolisib, in vivo validation of our models could not be conducted, which is essential for determining the
efficacy and safety profile of this combination strategy. Additionally, future studies using patient‑derived
xenograft (PDX) mouse models bearing PIK3CA‑mutant HER2⁺ breast cancer are warranted to further
validate the potential of this combination approach.

SYK is canonically recognized as a tumor suppressor in normal mammary epithelium and breast cancer
cells, where it stabilizes intercellular adhesion, suppresses EMT and cell motility by phosphorylating the
E-cadherin/catenin complex, thereby maintaining epithelial integrity (43–45). However, our data reveal a
different picture. In PIK3CA-mutant HER2 + resistant breast cancer cells, total SYK protein is reduced, but
its phosphorylation at Tyr525/526 is markedly elevated (Fig. 4B). This increase in site-specific
phosphorylation indicates enhanced SYK kinase activity, despite lower protein levels. A similar
observation was reported by Shinde et al. in TGF-β-induced EMT models (40), suggesting that SYK
function may be fundamentally rewired under drug-resistant pressure. However, the key downstream
targets of SYK, in particular in response to inavolisib resistance in breast cancer, warrant further
investigation.
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We propose that hyperactivated SYK contributes to resistance through two mechanisms. First, it may
participate in compensatory bypass signaling. SYK is known to function downstream of multiple
receptor tyrosine kinases, including EGFR and c-Met, which activate MAPK/ERK and PI3K/AKT pathways
(46, 47). This is consistent with MAPK activation and p-AKT maintenance in our resistant cells (Fig. 4B).
Second, SYK-mediated changes in cell-matrix adhesion may support cell survival. Transcriptomic
profiling revealed upregulation of adhesion pathways in resistant cells, which also exhibited elevated
SYK phosphorylation (Fig. 4B). This observation aligns with the known functions of SYK in stabilizing
intercellular adhesion and inhibiting cell motility (43). We propose that hyperactivated SYK enhances cell
adhesion, thereby promoting cell survival under therapeutic stress in the resistant context. Interestingly,
combined treatment with inavolisib synergistically suppressed cell migration, likely due to disruption of
this adhesion-mediated survival homeostasis (Fig. 5). Meanwhile, enhanced cell-matrix adhesion has
been linked to drug tolerance and resistance in multiple cancer types. In HER2 + breast cancer models,
activation of the integrin β1/Src axis was shown to mediate resistance to combined HER2 and PI3K
inhibition (48). Similarly, in ovarian cancer, ECM-dependent integrin β1 and FAK signaling promotes
chemoresistance (49). We speculate that SYK-mediated adhesion in our model may similarly engage
these survival pathways to maintain cell viability under therapeutic stress. However, the mechanisms by
which SYK regulates adhesion‑dependent survival in resistant cells and by which combined SYK and
PI3Kα inhibition synergistically suppresses cell migration remain unclear and warrant further
investigation.

In summary, our study identifies SYK as a mediator of acquired resistance to PI3Kα inhibition in PIK3CA-
mutant HER2 + breast cancer. Targeting SYK with fostamatinib restores sensitivity to inavolisib and
suppresses tumor growth. These findings provide a preclinical rationale for combining fostamatinib with
inavolisib as a potential later-line treatment strategy.

Conclusions
Our findings demonstrate that hyperactivated SYK mediates acquired resistance to the PI3Kα inhibitor
inavolisib in PIK3CA-mutant HER2 + breast cancer. Targeting SYK with fostamatinib restores sensitivity
to inavolisib and suppresses the migratory capacity of resistant cells. These results provide a preclinical
rationale for combining fostamatinib with inavolisib as a potential strategy to overcome acquired
resistance in this setting.
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Figure 1

Generation of inavolisib-resistant breast cancer cell lines and FDA drug library screening

(A) Schematic diagram of establishment of inavolisib-resistant breast cancer cells in vitro (created with
BioGDP.com).
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(B-C) The viability of inavolisib-resistant T47D-R (B) /HCC1954-R (C) cells and their corresponding
parental cells were analyzed by CCK-8 assay. Cells were treated with various concentrations of inavolisib
for 48h (n = 3).

(D) Schematic diagram of the workflow for screening the FDA drug library with HCC1954-R cells (created
with BioGDP.com).

(E) Results of two-round screening of the FDA-approved drug library (1,729 compounds) in HCC1954-R
cells.
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Figure 2

Fostamatinib synergizes with inavolisib in PIK3CA-mutant HER2+ resistant cells

(A) HCC1954-R cells were treated with DMSO, inavolisib, fostamatinib, or a combination of inavolisib and
fostamatinib as indicated for 48h and then subjected to a CCK-8 assay (lower left panel). The synergy
scores (upper left panel) and their 3D representation (right panel) were calculated.
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(B) MDA-MB-453-R cells were treated with DMSO, inavolisib, fostamatinib, or a combination of inavolisib
and fostamatinib as indicated for 48h and then subjected to a CCK-8 assay (lower left panel). The
synergy scores (upper left panel) and their 3D representation (right panel) were calculated.

(C) HCC1954 cells were treated with DMSO, inavolisib, fostamatinib, or a combination of inavolisib and
fostamatinib as indicated for 48h and then subjected to a CCK-8 assay (lower panel). The synergy scores
(upper panel) were calculated.

(D) MDA-MB-453 cells were treated with DMSO, inavolisib, fostamatinib, or a combination of inavolisib
and fostamatinib as indicated for 48h and then subjected to a CCK-8 assay (lower panel). The synergy
scores (upper panel) were calculated.

Figure 3

Combination of inavolisib and fostamatinib significantly inhibits PIK3CA-mutant HER2+ resistant cells
growth

(A) HCC1954-R cells were treated with DMSO, inavolisib, fostamatinib, or a combination of inavolisib and
fostamatinib as indicated for colony formation assays (left panel). Colony numbers were quantified,
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plotted and analyzed using two-way ANOVA (mean ± SD, n = 3) (right panel). **P < 0.01, ****P < 0.0001.
ns, no significant.

(B) HCC1954-R cells were treated with DMSO, inavolisib (1 μM), fostamatinib (10 μM), or a combination
of inavolisib and fostamatinib for Annexin-V/7-AAD double staining assay (left panel). Apoptotic rate
was quantified, plotted and analyzed using one-way ANOVA (mean ± SD, n = 3) (right panel). ****P <
0.0001. ns, no significant.
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Figure 4

Fostamatinib targets SYK to sensitize PIK3CA-mutant HER2+ resistant cells to inavolisib

(A) HCC1954-R cells and HCC1954 cells were harvested, and the mRNAs were extracted for RNA-seq.
The results were subjected to KEGG pathway enrichment analysis.

(B) HCC1954 cells were treated with DMSO or inavolisib (0.5 μM) for 20h. HCC1954-R cells were treated
with DMSO, inavolisib (0.5 μM), fostamatinib (5 μM), or a combination of inavolisib and fostamatinib for
the same duration. All cells were subjected to IB. The relative phosphorylation levels of different groups
were represented by the ratio of the phosphorylated protein to its corresponding total protein.

(C) HCC1954-R cells were treated with DMSO, inavolisib, cevidoplenib dimesylate, or a combination of
inavolisib and cevidoplenib dimesylate as indicated for 48h and then subjected to a CCK-8 assay (lower
panel). The synergy scores (upper panel) were calculated.

(D-E) HCC1954 cells (untreated control) and HCC1954-R cells transfected with control siRNA (siCtrl) or
siSYK were subjected to IB (D) and qPCR (E) to confirm SYK knockdown. Data were quantified, plotted
and analyzed using one-way ANOVA (mean ± SD, n = 3). **P< 0.01, ****P < 0.0001. ns, no significant.

(F) The viability of HCC1954-R cells transfected with siSYK or siCtrl (from Fig. 4D-E) and HCC1954 cells
were analyzed by CCK-8 assay. Cells were treated with various concentrations of inavolisib for 48h (n =
3).

(G-I) HCC1954-R cells were infected with lentivirus ofcontrol sgRNA (sgNC) or sgSYK, and SYK knockout
was confirmed by IB (G). The resulting cells were then subjected to colony formation assay (H, left
panel) and Annexin-V/7-AAD double staining assay (I, left panel). Colony numbers and apoptotic rates
were quantified, plotted and analyzed by two‑way ANOVA (mean ± SD, n = 3; right panels of H and I). *P <
0.05, **P < 0.01, ****P < 0.0001; ns, not significant.
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Figure 5

Targeting SYK and PI3Kα synergistically impairs cell motility in PIK3CA-mutant HER2+ resistant cells

(A, C) HCC1954‑R cells infected with lentivirus of sgNC or sgSYK (from Fig. 4G) were treated with
inavolisib as indicated for 24h and subjected to wound healing assays(A). Data are presented as the
mean ± SD (two-way ANOVA) (C). ***P < 0.001, ns, not significant.

(B, D) HCC1954‑R cells were treated with DMSO, inavolisib, fostamatinib, or a combination of inavolisib
and fostamatinib as indicated for 24h, and subjected to wound healing assays (C). Data are presented as
the mean ± SD (two-way ANOVA) (D). ****P < 0.0001, ns, not significant.
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