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Co-clinical trial targeting ER, FGFR and
CDK4/6 in resistant hormone-positive
breast cancer with FGFR alterations
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Management of advanced hormone receptor-positive, HER2-negative breast cancer after
progression on endocrine therapy plus CDK4/6 inhibitors is challenging due to mutational
heterogeneity. Current therapies yield limited efficacy, achieving 4–6 months PFS. FGFR signaling is
implicated in resistance to endocrine plus CDK4/6 inhibitors, but FGFR inhibitors have shown limited
activity in unselected populations. Co-clinical trials bridge preclinical and clinical findings, optimize
resources, and enable biomarker identification. Using patient-derived organoids (PDOs), we
demonstrated that FGFR-amplified PDOs respond to fulvestrant, palbociclib, and rogaratinib only
when PIK3CA and ESR1 are wild-type. In a dose-escalation trial pre-screening 66 patients with
FGFR1/2-amplification (FISH) and/or overexpression (RNAScope) patients, >40% harbored FGFR
alterations. Nine patients were enrolled; the combination showed activity specifically in PIK3CA- and
ESR1-wild type patients (9.1 vs. 1.9 months PFS; P = 0.0005). Toxicity was manageable and
consistent with prior data. Our findings highlight biomarker-driven approaches as essential for refining
FGFR-targeted strategies in this resistant population.

The standard of care for advanced or metastatic hormone receptor-positive
breast cancer (HR+MBC) in the first-line metastatic setting has been
transformed by the introduction of CDK4/6 inhibitors, which, in combi-
nation with endocrine therapy, benefit themajority of patients1–3. However,
in the second-line setting the disease exhibits a more heterogeneous
behavior4. The drug development landscape in this setting is currently
focused on novel inhibitors targeting endocrine or CDK4/6-inhibitors
resistancemechanisms5, includingmutant ESR16 or PIK3CA7, and ondrugs

aimed at cell surface targets, such as HER28 or TROP29. Here, the challenge
is to extend progression-free survival (PFS) intervals to 6–12 months in a
broad patient population using oral therapies.

FGFR1/2 amplification is a frequently observed genomic aberration in
this clinical context10. Progress in developing effective therapies for this
target in breast cancer has been limited. Studies, including our own, have
reported over a 10% incidence of FGFR1/2 amplification—primarily
FGFR1—in early hormone-receptor-positive breast cancer11–13. This
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amplification correlates with a two- to fourfold increased risk of metastatic
relapse and resistance to endocrine therapy, suggesting that such amplifi-
cations are more prevalent among metastatic cases11,13–15. Additionally, our
research indicates that patients with elevated FGFR1/2 expression, as
measured byRNAScope, exhibit a comparable long-termprognosis to those
with amplification, irrespective of actual amplification status12. A significant
concordance has been observed betweenFGFR amplification as determined
by FISH and overexpression identified by RNAScope, althoughmany cases
display only one or the other alteration12. Approximately 25% of early
hormone-receptor positive patients exhibit either amplification or over-
expression of FGFR1/2, each correlating with poorer clinical outcomes12. In
themetastatic setting, sub-analyses of theBOLERO216 orMONALEESA-217

trials suggest that FGFR amplification decreases the PFS expectancy of
standard-of-care treatment combinations with MTOR or CDK4/6 inhibi-
tors respectively, highlighting this patient sub-population as a difficult-to-
treat breast cancer subtype.

So far, FGFR inhibitors have been used alone or in combination with
endocrine therapy in breast cancer, leading tomodest clinical outcomes18–21.
Our preclinical research suggests several critical insights that could explain
this situation: 1) FGFR1 amplification is directly linked to resistance to
endocrine therapy; 2) extended treatmentwith endocrine therapy favors the
emergence of FGFR1 amplification; 3) the presence of FGFR1 amplification
diminishes the effectiveness of endocrine therapy when combined with
CDK4/6 inhibitors; 4) resistance developed from endocrine therapy com-
bined with CDK4/6 inhibitors, involves FGFR1 amplification; and 5)
complete inhibition of RB phosphorylation in presence of FGFR1 amplifi-
cation is attainable exclusively with the combined use of CDK4/6, ER, and
FGFR inhibitors12.

Considering the significant incidence of FGFR amplification and
overexpression in HR+MBC, and its association with resistance to
endocrine therapy and CDK4/6 inhibitors, we hypothesized that a triple
blockade of CDK4/6, estrogen receptor (ER), and FGFR could be ben-
eficial. This approach could potentially address a substantial segment of
the HR+MBC population. Inhibition of RB phosphorylation, com-
pletely achieved through this combination, may result in sustained dis-
ease control in this challenging clinical context. With this hypothesis, we
set out to investigate rogaratinib—a pan-FGFR inhibitor initially devel-
oped for FGFR-amplified or mutant urothelial cancers22—in FGFR1/2
amplified or overexpressed HR+MBC patients who progressed after
first-line therapy with aromatase inhibitors and CDK4/6 inhibitors.
Given the diverse mutational landscape and the influence of mutations
like ESR1 or PIK3CA on treatment response to different drug combos,
we initiated a co-clinical trial combining patients and patient-derived
organoids (PDOs). This research design, involving concurrent patient
treatment and model testing, aims to expedite and enhance the trans-
lation of laboratory discoveries to clinical practice. By employing the
same therapeutic strategies in clinical and model environments, we can
swiftly assess treatment efficacy and safety, modify protocols based on
real-time data, and make informed predictions about the success of these
therapies in a broader patient cohort, thus conserving resources and
minimizing patient exposure to suboptimal treatments. Our objectives
included: 1) determining the prevalence of FGFR1/2 amplification or
overexpression in HR+MBC after CDK4/6 inhibitor and endocrine
therapy; 2) delineating the mutational landscape of HR+MBC that is
responsive to the triple-drug regimen using PDOs; 3) evaluating the
initial efficacy and tolerability in patients of the combination of rogar-
atinib, fulvestrant and palbociclib based on the underlying mutational
profile.

Results
Patient-derived organoids description
Four PDOs (H12_5,H12_7, H12_28 andH12_31) were used for this study,
all of them established from HR+MBC patients right after disease pro-
gression to a CDK4/6 inhibitor in combination with endocrine therapy
administered in the metastatic setting. H12_5 and H12_7 PDOs were

established from breast lesions; H12_28 was established from a liver
metastasis, andH12_31was established fromapleuralmetastasis. Patients 5
and 7 were de novo metastatic patients, whereas 28 and 31 were metastatic
relapses from a stage IIA and a stage IA primary tumors, respectively.
Treatment regimens along the patients’medical history are summarized in
Fig. 1A; all PDOs were obtained from patients progressing to first-line
endocrine therapy combined with a CDK4/6i, with the exception of
H12_31, who received the CDK4/6 inhibitor after multiple endocrine
therapy lines. The tumor biopsy obtained at the moment of PDO estab-
lishment revealed that H12_5, H12_7, H12_28 were Luminal-B tumors,
whereas H12_31 was a Luminal-A tumor (Fig. 1B). Three of them (H12_5,
H12_7 and H12_31) displayed FGFR1 amplification, whereas H12_28 was
not amplified (for either FGFR1 or FGFR2; Fig. 1B, C). ER, PR, Ki67
immunohistochemistry and hematoxylin/eosin staining for the 4 PDOs are
shown in Fig. 1B as well. The panel shown in Fig. 1C displays themolecular
profiling regarding the FGFR1/2 status and top-20 mutated genes in
advanced breast cancer4. As it can be observed, among the 3 amplified
PDOs, one each harbored one PIK3CA activating mutation and ESR1
activatingmutation, respectively; the third onewaswild type for both genes.
Finally, the FGFR-non amplified PDOwas as well wild-type for both genes,
but displayed two AKT mutations and one deleterious mutation in NF1, a
mutation previously associated with acquired resistance to endocrine
therapy23.

Patient-derivedorganoids’ response tosingle, double, and triple-
therapy combinations by genomic profile
Figure 2A, B show the effect on viability of fulvestrant and palbociclib,
respectively, over the 3 FGFR-amplified/overexpressed and the one non-
amplified/overexpressed PDOs, in accordance with their endocrine/CDK4/
6-resistant clinical profile. As expected, rogaratinib monotherapy was
devoid of meaningful activity as well (Fig. 2C). The effects of the triple
blockade, fixing fulvestrant and palbociclib dose at 1 μMeach, and exposing
the PDOs to increasing rogaratinib doses, are shown in Fig. 2D. It can be
observed that the IC50 for H12_7, significantly lower than for the other
organoids (FGFR-amplified and wild-type for ESR1 and PIK3CA). The
control, non-amplified PDO (H12_28) did not display specific sensitivity to
any drug or combination, suggesting that FGFR amplification/over-
expression is a key determinant for drug efficacy.

If, instead of fulvestrant, a drug targeting the ESR1 Y573S activating
mutation (camizestrant) is used, H12_31 (ESR1-mutant) becomes sensi-
tized (Fig. 2E) to the combo. Similarly, if palbociclib is substituted by
PIK3CAH1047R-targeting drug alpelisib, the same effect is observed in the
PIK3CA-mutant PDO (H12_5; Fig. 2F).

The former data highlighting the role of ESR1 and PIK3CAmutations
in treatment resistance, suggesting that an FGFR inhibitor-based combo is
only active in case both ESR1 and PIK3CA are wild-type.

Clinical trial and patients
The ROGABREAST trial was designed in light of the findings observed in
the PDOs. Candidate patients could be pre-screened during their first-line
treatment or screened right after experiencing disease progression to first-
line treatment with the combination of a CDK4/6 inhibitor and an aro-
matase inhibitor. Patients displaying FGFR1 and/or FGFR2 amplification
(by FISH) and/or mRNA overexpression (by RNAScope) were eligible for
the trial. The screening results are shown in Fig. 3A. Twenty-nine out of 67
screened patients (43%) were positive for at least one of the four tests.
Among screening-positive patients, 15 patients were positive in more than
one test, and the most frequent phenotype was FGFR1-amplified/FGFR1-
overexpressed (12/29 cases, 41.4%; Fig. 3B). A representative FISH/RNA-
Scope image for each test result combination is shown in Fig. 3B aswell. The
concordance between FISH and RNAScope positivity was far from 1:1, as
expected fromour previous results12, with several patients testing positive in
only one assay. This highlights the importance of performing both tests to
detect all potentially responsive patients. The trial schedule is depicted in
Fig. 3C, and consisted in treatment with rogaratinib twice per day on days
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Fig. 1 | Patient-derived tumor organoid (PDTO) characterization and clinical
history of included patients. A Schematic representation of the clinical course of the
patients from whom the CDKi- and endocrine-resistant PDOs were established,
including the treatment lines and biopsy site, as well as basic demographic data.
B Hematoxylin & Eosin and immunohistochemical staining (ER, PR and Ki67) of

the four PDOs. FGFR1/2 status (amplification, demonstrated by FISH, and/or
overexpression, demonstrated by RNAScope) is also shown. C FGFR1/2 and
mutational status of the top-20 mutated genes in advanced breast cancer among the
amplified and non-amplified PDOs. Those genes that were wild-type in all PDOs are
not shown.
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Fig. 2 | Sensitivity of PDTOs to FGFR, CDK4/6, and endocrine therapy combi-
nations. FGFR-amplified and non-amplified PDOs were exposed to increasing
concentrations of fulvestrant (A), palbociclib (B), and rogaratinib (C)monotherapy;
IC50 was not reached (NR) for palbociclib or fulvestrant monotherapy in any
organoid. H12-7 was moderately sensitive to rogaratinib monotherapy. D PDOs
were exposed to fixed concentrations of fulvestrant and palbociclib (1 μMeach) and
increasing concentrations of rogaratinib; IC50s are shown for rogaratinib in the

presence of fulvestrant+palbociclib. E Efficacy of increasing concentrations of
camizestrant over a backbone of fixed palbociclib and rogaratinib in the ESR1-
mutant PDO. F Efficacy of increasing concentrations of alpelisib over a backbone of
fixed fulvestrant and rogaratinib in the PIK3CA-mutant PDO. IC50 values displayed
in (E) and (F) correspond to the IC50 of camizestrant and alpelisib, respectively, over
fixed backbone doublets. Error bars: standard error.
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1–28, palbociclib once per day on days 1–21, and fulvestrant q28 days (with
a second dose on day 15 in the first cycle). Fulvestrant and palbociclib doses
were fixed at 500 ug and 100mg/day, respectively (scalable to 125 in the
second cycle in case of good tolerance). Rogaratinib dosage started at
400mg/bid (Level 1). The first enrolled patient presented with grade 2
diarrhea in the urgent care room the 8th treatment day at night; urgent care

room physicians discharged the patient with a loperamide prescription
without interrupting treatment drugs. Three days later the patient was seen
by the site IP, and had to be admitted for I.V. hydration because of the
increasing diarrhea symptoms. Qualifying as a grade 3 event, a potential
DLTevent couldhavenot beendiscarded since the drugwas not interrupted
as per protocol during the urgent care visit. Accordingly, Level 1 was

Fig. 3 | Patient screening and biomarker
stratification in the clinical trial.
A CONSORT diagram. B Status of FGFR1
and FGFR2 amplification and overexpression
assessed by FISH and RNAScope, respec-
tively, in the patients pre-screened for the
trial. The upper table lists the frequency of
each test result combination. Representative
images for each pattern are shown below. Two
contingency tables on the right show the
concordance between FISH and RNAScope
results for FGFR1 (top) and FGFR2 (bottom),
based on patients with valid results for both
assays (n = 61 for FGFR1; n = 58 for FGFR2).
C Trial treatment schedule.
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expanded to 6 patients. No further patient experienced a DLT, and Level 2
was opened (rogaratinib 600mg bid). When 3 patients were enrolled, and
despite no DLTs had been observed, Bayer decided to discontinue the
development of rogaratinib and the study was closed; patients continued on
medicationuntil disease progression. Table 1 describes themain clinical and
demographic characteristics of the 9 enrolled patients, and Table 2 gathers
the toxicity summary observed in the trial during the 49 administered
treatment cycles. No grade 4 toxicities were registered, and, in general, the
toxicities were manageable with support measures and dose interruptions
and/or reduction. The most frequent toxicity attributed to rogaratinib was
hyperphosphatemia, whereas the one most frequently attributed to palbo-
ciclib was neutropenia. No distinction was made by investigators between
palbociclib and rogaratinib as a cause for incident diarrhea. The individual
dose trajectories for rogaratinib and palbociclib are shown in Fig. S1 (no
dose modifications or interruptions were undertaken for fulvestrant).
Except for one patient, no one was escalated to 125mg palbociclib, which
suggests that the RP2D is 600mg bid rogaratinib (days 1–28) plus 100mg/d
palbociclib (days 1–21) and 500 µg fulvestrant q28 days (two injections on
the first cycle).

Efficacy and mutational profiles
TheKaplan–Meier plot in Fig. 4A shows the PFS time registered for the nine
patients. Median PFS was 3.5 months (95% C.I.: 0.11–6.8 months). No
RECIST V.1.1 responses were observed; six patients (66.7%) experienced
stable disease, and 2 (22.2%) progressive disease as best response. One
patient was non-evaluable (premature withdrawal because of DLT, at day
+11). The mutational landscape of the nine patients is shown in Fig. 4B.
Overall, five patients displayed PIK3CA and/or ESR1 mutations in the
tumor or plasma sample. The swimmers plot in Fig. 4C depicts the disease
control duration of patients with or without mutations in those two genes,
evidencing that only those that were wild-type for both made it beyond the
6-monthmark. In addition, the panel grid on the left-hand side depicts the
FGFR1 and FGFR2 status (by FISH and RNAScope) of the nine patients.
The Kaplan–Meier curve in 4D compares the PFS time between patients
with and without PIK3CA and/or ESR1 mutations, with wild-type patients
experiencing a statistically significant, almost fivefold advantage in PFS (274

versus 58 days median PFS; P = 0.005; 95% C.I.: 183.8–364.2 versus
51.6–64.4 days). ERBB2 mutations, although present in several patients,
were not associated with PFS (Fig. S2). We did not observe any correlation,
however, between the level of amplification and/or overexpression of
FGFR1/2 and overall PFS (Fig. S3).

Discussion
FGFR1 amplification has been associated with tumor progression features
in breast cancer and other malignancies24. Multiple studies, including our
own, have demonstrated its link to increased metastatic relapse in early
hormone-receptor positive breast cancer, irrespective of treatment type
(endocrine therapy alone or combined with chemotherapy) or other
prognostic factors (grade, Ki67, nodal status)11–13. The identification of
FGFR1 as an amplified kinase, coupled with the efficacy of FGFR inhibitors
in FGFR-mutated or rearranged bladder25 and cholangiocarcinomas26,
initially raised expectations for a new targetable oncogene addiction driver
in breast cancer.However, despite promising preclinical data, clinical results
have been modest at best. First-generation multi-kinase FGFR inhibitors,
suchasdovitinib, showed limited efficacy aloneor combinedwithendocrine
therapy, accompanied by substantial toxicity18,20. Novel, selective FGFR
inhibitors have demonstrated better tolerability but still limited activity in
breast cancer19,21. We previously demonstrated that in FGFR1/2-amplified/
overexpressed breast cancer, complete cell cycle arrest requires simulta-
neous inhibitionof theER,CDK4/6, andFGFR12. Thepost-CDK4/6i clinical
setting is highly heterogeneous4, with acquired mutations potentially
modulating response to triple-targeted therapies. Conducting trials in this
scenario poses challenges, including patient attrition, high resource con-
sumption, and uncertain clinical activity despite biomarker selection. Fur-
thermore, combining three targeted agents raises concerns about toxicity.

Table 1 | Patients’ characteristics

Characteristic Patients (N = 9)

Age (median, range) 56.9 (46.0–72.0)

Race (Caucasian/Asian/African) 8 (88.9%)/1 (11.1%)/0 (0%)

ECOG PS (0/1) 8 (88.9%)/1 (11.1%)

Time (months) from diagnosis of metastatic
disease to inclusion in trial (median, range)

14.9 (5.6–29.0)

Estrogen receptor positive 9 (100%)

Progestagen receptor positive 5 (55.6%)

CDK inhibitor in the first line 9 (100%)

-Palbociclib 6 (66.6%)

-Ribociclib 2 (22.2%)

-Abemaciclib 1 (11.1%)

Endocrine therapy in the first line 9 (100%)

-Letrozole 9 (100%)

-Goserelin 4 (44.4%)

Other agents

-Denosumab 1 (11.1%)

Disease spread

-Soft tissue 9 (100%)

-Bone 5 (55.6%)

-Liver/Lung 4 (44.4%)

Table 2 | Treatment toxicity

Toxic event Patients (N = 9) Cycles (N = 49)

Grade 1–2 Grade 3 Grade 1–2 Grade 3

Blood disorders

Anemia 4 (44.4%) 0 (0%) 20 (40.8%) 0 (0%)

Neutropenia 0 (0%) 6 (66.7%) 11 (22.4%) 31 (63.3%)

Thrombopenia 3 (33.3%) 0 (0%) 11 (22.4%) 0 (0%)

Non-infectious eye disorders

Blepharitis 1 (11.1%) 0 (0%) 6 (12.2%) 0 (0%)

Dry eye 2 (22.2%) 0 (0%) 11 (22.4%) 0 (0%)

Episcleritis 1 (11.1%) 0 (0%) 1 (2%) 0 (0%)

Hyperemia 1 (11.1%) 0 (0%) 2 (4.1%) 0 (0%)

Diarrhea 3 (33.3%) 1 (11.1%) 8 (16.3%) 1 (2%)

Asthenia 4 (44.4%) 1 (11.1%) 20 (40.8%) 2 (4.1%)

Infections

Conjunctivitis 2 (22.2%) 0 (0%) 14 (28.6%) 0 (0%)

Paronychia 1 (11.1%) 0 (0%) 7 (14.3%) 0 (0%)

Candidiasis 1 (11.1%) 0 (0%) 9 (18.4%) 0 (0%)

Blood investigations

Elevated ALT 2 (22.2%) 0 (0%) 3 (6.1%) 0 (0%)

Elevated AST 1 (11.1%) 0 (0%) 3 (6.1%) 0 (0%)

Elevated GGT 1 (11.1%) 0 (0%) 4 (8.2%) 0 (0%)

Elevated Lipase 1 (11.1%) 0 (0%) 1 (2%) 0 (0%)

Hyperphosphatemia 7 (77.7%) 1 (11.1%) 36 (73.5%) 0 (0%)

Hypophosphatemia 2 (22.2%) 0 (0%) 7 (14.3%) 0 (0%)

Elevated TSH 1 (11.1%) 0 (0%) 4 (8.2%) 0 (0%)

Myalgia 2 (22.2%) 0 (0.%) 8 (16.3%) 0 (0%)

Dysgeusia 1 (11.1%) 0 (0%) 9 (18.4%) 0 (0%)
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Fig. 4 | Clinical outcomes and impact of PIK3CA and ESR1 mutations.
AKaplan–Meier curve showing the progression-free survival time of all the patients
enrolled in the trial. BMutational status of the top-20 genes most-frequently
mutated in breast cancer in the nine enrolled patients. C Swimmers plot. Green:

patients wild-type both for ESR1 and PIK3CA. Red: patients withmutation in either
PIK3CA and/or ESR1. The status of FGFR1 and FGFR2 (by FISH or RNAScope) is
shown for each patient in the left-hand side. D Kaplan–Meier curve comparing the
progression-free survival of PIK3CA/ESR1 wild-type versus mutant patients.
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To address these limitations, we implemented a co-clinical trial design using
pPDOs toprecisely define the patient populationmost likely to benefit from
FGFR inhibition in combinationwithERandCDK4/6blockade.Co-clinical
trials enhance translational relevance by enabling direct patient correlation,
real-time protocol adaptation based on emerging data, and improved
biomarker-driven patient selection.

To generate a PDO collection relevant for this co-clinical study, we
adopted a pragmatic approach, focusing on the most frequent resistance
mechanisms and available therapies for future studies. PIK3CA activating
mutations, present in~30%ofHR+MBC4, are associatedwith resistance to
endocrine therapy and CDK4/6 inhibitors. Similarly, ESR1 activating
mutations, found in up to 50% of cases27, predict failure of aromatase
inhibitors and fulvestrant. Given that FGFR1-amplified breast cancer cells
require endocrine therapy andCDK4/6 inhibition for effective proliferation
suppression, it is plausible that PIK3CA- and/or ESR1-mutant tumors
would not respond to the triple combination therapy. From a collection of
>15 breast cancer PDOs established in our study (data not shown), we
selected representative models of distinct mutational combinations: H12-5
(PIK3CA-mutant, ESR1-wild type), H12-31 (PIK3CA-wild type, ESR1-
mutant), andH12-7 (PIK3CA-wild type, ESR1-wild type), all of whichwere
FGFR1-amplified/overexpressed. H12-28, a non-amplified, PIK3CA-wild
type, ESR1-wild type model, served as a control. As anticipated, the ther-
apeutic results alignedwith our predictions,with onlyH12-7 demonstrating
sensitivity to the triple combination (Fig. 2D). Also, targeting mutant ESR1
or PIK3CA, alongside FGFR inhibition for mutant tumors, could represent
alternative strategies for FGFR-amplified patients following progression on
CDK4/6 inhibitors. This approach merits further investigation in clinical
settings (Fig. 2E, F).

As expected, the clinical trial included a diverse mix of patients based
on the mutational status of PIK3CA and ESR1 (Fig. 4B). FGFR-amplified
patients are known to have a poor prognosis even in the CDKi+AI first-line
setting17. In our screened population, patients with FGFR1/2 amplification
or overexpression had a median PFS of only 14.9 months in the first line
(Table 1). In the second-line setting, current standards of care for non-
FGFR-amplifiedpatients have historically failed to surpass the 6-monthPFS
threshold. The recent EMBER trial with imlunestrant achieved promising
results, but no subset analysis has been provided for FGFR-amplified/
overexpressedpatients28.Consequently, themedianPFS for this subgroup in
the second line, with or without imlunestrant, remains unknown but likely
low, as reflected in our data (Fig. 4A). The 3.5-monthmedian PFS observed
in our trial cohort is far from remarkable. However, exploratory analysis of
the cohort using PDO co-clinical data revealed an improved outcome in the
PIK3CA-wild type,ESR1-wild type subgroup (Fig. 4C,D; 9.1 vs. 1.9months;
P = 0.005). Although these results are based on a limited sample size and
should be interpreted with caution, they suggest a potentially actionable
biomarker signature that may help refine patient selection in future trials in
the post-CDK4/6 inhibitor setting. These results should not be interpreted
as definitive evidence for the predictive role of PIK3CA and ESR1 muta-
tions, but rather as a hypothesis-generating observation that warrants fur-
ther prospective validation. Critics may argue that the PDO collection was
limited, and we fully acknowledge this limitation. Nonetheless, the con-
cordance between preclinical and clinical data, together with a statistically
significant association in an internally consistent dataset, provides pre-
liminary support for the biological relevance of these findings. Still, larger,
independent cohorts will be required to confirm these results and formally
establish the predictive value of these mutations. Finally, other mutations
potentially impacting the therapeutic regimen include AKT (observed in
two patients). However, the specific variants (R121Wand R406C) were not
among the well-characterized activating mutations (e.g., E17K), and their
functional impact remains uncertain. These findings highlight the com-
plexity of signaling cross-talk and underscore the need for further studies to
delineate the role of less frequent mutations in modulating therapeutic
response.

Of note, our study revealed partial concordance between FGFR1/2
amplification (FISH) and mRNA overexpression (RNAScope), a finding

consistent with our prior observations in early breast cancer12. This reflects
the known biological divergence between genomic amplification and
transcriptional output, andmirrors similar observations in other oncogenes
such as HER2, where mRNA and FISH correlate imperfectly29–31. Impor-
tantly, both alterations were associated with poor prognosis and predicted
response to FGFR inhibition in our previous study. We therefore propose
that FISH and RNAScope serve as complementary biomarkers for patient
selection, maximizing the likelihood of therapeutic benefit in FGFR-driven
tumors.

Triple-targeted therapies have historically been only moderately fea-
sible in clinical settings. To the best of our knowledge, this study represents
the first published trial combining endocrine therapy and CDK4/6 inhibi-
tion with FGFR blockade. Importantly, no new emergent toxicities from
potential drug-drug interactions were observed (Table 2). The most fre-
quent adverse events, neutropenia and hyperphosphatemia, were consistent
with known class effects of CDK4/6 and FGFR inhibitors, respectively.
These findings suggest that a triple combination of a SERD, CDK4/6
inhibitor, and FGFR inhibitor is feasible and well-tolerated in principle,
supporting its consideration for future trials.

This study has several limitations. First, the small sample size of both
the clinical trial cohort and the PDO collection may restrict the general-
izability of our results. Larger datasets will be required to confirm these
observations. Second, the trial was discontinued prematurely due to
sponsor-driven strategic decisions, precluding further validation of the
observed clinical trends. Third, although the co-clinical trial design offers
significant advantages, it does not fully recapitulate the tumor micro-
environment, which could influence treatment responses beyond the cap-
abilities of PDO models.

Our findings underscore the relevance of the FGFR-amplified/over-
expressed population, which comprises 40–50% of HR+MBC cases
(Fig. 3A). This subgroup faces a particularly poor prognosis16. By leveraging
a co-clinical trial design,wehave identified andpreliminarily characterized a
biomarker-defined subset—FGFR1/2-amplified/overexpressed, PIK3CA-
wild type, ESR1-wild type—that ismost likely to benefit from triple-targeted
therapies. This approach may serve as a rationale for biomarker-enriched
trial design rather than as a definitive patient stratification at this stage.
Future prospective trials could prioritize this population to validate the
efficacy of combining FGFR inhibitors with SERDs and CDK4/6 inhibitors.
Additionally, the development of next-generation FGFR inhibitors with
improved selectivity and tolerability could further enhance the feasibility of
triple combinations. The co-clinical trial framework demonstrated here
provides a compelling model for accelerating drug development in breast
cancer. Collectively, our findings establish a rationale for future registration
trials, ultimately aiming to advanceFGFR-targeted therapies toward clinical
implementation and improve outcomes for this difficult-to-treat breast
cancer population.

Methods
Clinical trial design
This trial was a phase I, open-label, multicenter trial (ClinicalTrials.gov:
NCT04483505) conducted at eight centers in Spain between November
2020 and May 2023. The study was conducted in accordance with the
Declaration of Helsinki and Good Clinical Practice standards. Ethics
approvalwas obtained from theMadridRegionalGovernmentEthicsBoard
for Drug Research and the Spanish Agency for Medicine and Health Pro-
ducts (AEMPS; protocol number 20/392). Patients were pre-screened for
the trial; those patients eligible for trial inclusion were then tested for
FGFR1/2 amplification and overexpression. Patients could be screened
during their previous treatment line. The main inclusion criteria for pre-
screening were as follows: 1) Women >18 years-old; 2) diagnostic of
metastatic or locally advanced non-resectable breast cancer; 3) hormone-
receptor positivity defined by at least 5% positivity of ER and/orPR (no
central laboratory testing was required) and HER2-negativity (Herceptest
0+, 1+ or 2+ with negative FISH/CISH/SISH); 4) patients must have
undergone a previous aromatase inhibitor treatment line for metastatic
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disease, with anastrozole, letrozole or exemestane, plus a cell cycle inhibitor
(palbociclib, ribociclib or abemaciclib); 5) recovery of toxicities from pre-
vious regimens to equal or below tolerable grade 2. 6) ECOG performance
status of 0/1 and life expectancy of >24 weeks; 7) adequate organ function
according to usual criteria. Patients fulfilling the inclusion criteria were
tested for FGFR1/2 amplification (by FISH) or overexpression (RNAScope)
in a recent tumor sample. Positivity in either of the 4 tests allowed full
screening and trial inclusion; demonstration of disease progression
(RECIST 1.1) on aCDK inhibitor in combinationwith aCDK inhibitor was
mandatory prior to trial enrollment.

Treatment consisted of a fulvestrant injection (500 ug IM) every
4 weeks (two injections on days 1 and 15 in cycle 1) combined with con-
tinuous rogaratinib and palbociclib from day 1 to 21 in 28-day cycles.
Rogaratinib dosage started at 400mg twice per day, orally (Level 1); pal-
bociclib started at 100mg/day. Rogaratinib escalation took place in 200mg/
bid increments following a classic 3+ 3 schedule. Intra-patient palbociclib
dose-escalation was allowed to 125mg/day in cycle 2 in case no significant
tolerance problems were observed according to investigators’ criteria.
Toxicity was graded according to the NCI CTC AE V. 5.0. Two and one
dose-reductions were allowed for rogaratinib and palbociclib, respectively;
no dose-reductions were planned for fulvestrant. Treatment con-
tinued until disease progression, incidence of significant toxicity or
intercurrent disease, or investigators’ decision. RECIST V.1.1 eva-
luation took place every 8 weeks.

Patient-derived organoids establishment and culture
Patient-derived organoids were established and maintained as described
previously32. In summary, fresh tumor biopsies were placed in 10mL
sterile ice-cold base media (Advanced DMEM-F12 (Gibco, 12634010)
supplemented with 5% FBS (Biowest, S1810), 1× Pen-Strep (Gibco,
15140-122) and 10mM HEPES (Gibco, 15630056) and kept on ice until
processing. For reliable organoid generation, it was imperative that the
tissue was processed immediately, as a prolonged time between surgical
removal and tissue processing reduced the reliability of PDO generation.
Tissue was washed with ADF+++ media (Advanced DMEM-F12
containing 1× Glutamax (Gibco, 35050061), 10mMHEPES and 1× Pen-
Strep), manually cut into smaller pieces (1–3mm3) and digested with
1.5 mg/ml collagenase from Clostridium histolyticum (Sigma C9407) on
an orbital shaker at 37 °C for 90mins. Intermittent vortexing every
15min is recommended to ensure proper digestion of the tissue. The
digested tissue suspension was strained over a 100 μM filter and cen-
trifuged at 3505 × g for 5 mins at room temperature (RT). In case of a
visible red pellet, erythrocytes were lysed in 2mL red blood cell lysis
buffer (Invitrogen, 00-4333-57) for 5 min at room temperature before the
addition of 10ml of ADF+++ and centrifugation at 350 g for 5 min at
RT. The pellet was resuspended in 100% cold Matrigel (Cultrex, RND-
3533-010-02) and 45μL drops were plated in a pre-warmed 24-well
culture plate (Corning, 3524) and allowed to solidify at 37°C for 30min.
Upon completed gelation, 530 μl of pre-warmed completed-medium
(10% R-Spondin 3 (Peprotech, 120-44), 5 nM Neuregulin 1 (Pepotech
100-03), 5 ng/ml FGF7 (Peprotech, 100-19), 20 ng/ml FGF10 (Peprotech,
100-26), 5 ng/ml EGF (Stemcell 78006.1), 100 ng/ml Noggin (Stemcell,
78060), 500 nM A83–01 (Biogen, 2939), 5 μM Y-27632 (Biogen, TO-
1254), 1.2 μM SB202190 (Sigma-Aldrich S7067), 1× B27 supplement
(Gibco 17504-44), 1.25mM N-Acetylcysteine (Merck, A9165), 5 mM
Nicotinamide (Merck, N0636), 50μg/ml, Primocin (InvivoGen,
ant-pm-1) in ADF+++) was added to each well and plates were
transferred to humidified 37 °C/ 5% CO2 incubator. Medium was
changed every 4 days, and organoids were passaged every 15–30 days.

For passaging, dense organoids were dissociated in 1mL of TrypLe
Express (Gibco 12604-013) by vigorous pipetting and incubated for 5min at
37 °C. Cells were resuspended in 10mL of ADF+++ media and cen-
trifugated at 350 × g for 5min at 4 °C. Cell pellet was resuspended in fresh
cold Matrigel and reseeded as above at ratios (1:1 to 1:6) allowing the
formation of new organoids.

Organoids treatments and cell viability assays
For cell viability assays, organoids were dissociated in 1mL of pre-warm
TrypLE™, resuspended in 10mL of cold ADF+++ media and cen-
trifugated at 350 × g for 5min at 4 °C.Cell pelletwas resuspended in 1–2mL
of completemedium, and single cells were counted in aNeubauer chamber.
Cellswere seededat a density of 7500 to 10,000 single cells perwell in a clear-
bottom 96-well plate (Corning) in 50% Matrigel+ complete growth med-
ium. After Matrigel gelation (37 °C for 1 h), 100 μl of completed media was
added to eachwell. Fresh complete growthmediumwas applied two times a
week, and organoids were allowed to form for 2–4 weeks. Then, each
organoid line was evaluated for multiple anticancer agents, including ful-
vestrant (MedChemExpress, HY-13636), palbociclib (Selleckchem, S1116),
rogaratinib (MedChemExpress, HY-100019), alpelisib (MedChemExpress,
HY-15244) and camizestrant (MedChemExpress, HY-136255). To deter-
mine the inhibitory concentration of 50% (IC50) in monotherapy,
organoids were exposed to a concentration range of seven drug con-
centrations of each compound: fulvestrant (0.25 μM–10 μM), palbociclib
(0.25 μM–10 μM), rogaratinib (0.75 μM–50 μM), alpelisib (0.25–10 μM)
and camizestrant (0.25 μM–10 μM). On the same plate, a medium control
and a DMSO control were included. For the triple-therapy combination
fulvestrant, palbociclib and rogaratinib, doses of fulvestrant and palbociclib
were fixed at 1 μM each and the PDOs to increasing rogaratinib doses
(0.75 μM-50 μM). If fulvestrant is substituted by camizestrant, camizestrant
was fixed at 10 μM. Similarly, if palbociclib is substituted by alpelisib, it was
fixed at 10 μM. After six days, the number of living cells was assessed using
CellTiter-Glo® assay (Promega, G9683) according to the modified manu-
facturer´s instructions for tumor spheroids. The IC50 values were derived
by a sigmoidal dose-response (variable slope) curve using GraphPad Prims
software version 5.04. All experiments were performed at least in triplicate.

Fluorescence in situ hybridization (FISH) determination and
RNAScope
Chromosome enumeration probes for FGFR1 and FGFR2 were acquired
from ZytoVision (ZytoLight SPEC FGFR1/CEN8 and ZytoLight SPEC
FGFR2/CEN 10 dual color probes). FISH analyses on 5 μm TMA sections
mounted on positively charged slides (SuperFrost, Thermo Scientific) were
performedasoutlined in themanufacturer’s instructions. Briefly, slideswere
deparaffined in xylene, rehydrated in a graded ethanol series, and treated
using the Histology FISH Accessory Kit (DAKO). For paraffin-embedded
tissues, pre-treatment involved 2-[N-morpholino]ethanesulphonic acid
(MES), whereas organoid samples received no pre-treatment. Protein
digestion was performed using a pepsin solution in both cases. After
dehydration, samples were denatured with the specific probes, followed by
overnight hybridization. Post-hybridizations, slides were washed and
mounted using DAPI-containing fluorescence mounting medium. FISH
signals were manually enumerated within nuclei all over the tissue. Images
were captured using a Photometrics SenSys CCD camera connected to a PC
running the Zytovision image analysis system (Applied Imaging Ltd., UK).
WE analyzed signals in a minimum of 200 cells with the appropriate filters.
Results were quantified as the ratio of gene signal to the centromere signal.
Interpretation of these ratioswas as follows: a FISH ratio below1.8 indicated
no gene amplification (negative); a ratio above 2.2 suggested gene amplifi-
cation (positive); and ratios between 1.8 and 2.2 were classified as equivocal.
Additionally, gene/chromosome copy number alterations were categorized
based on signal counts, with four gene and centromere signals indicating
moderate polysomy, and counts exceeding four suggesting high polysomy.

Regarding RNAScope, tissue samples were fixed in 10% neutral buf-
fered formalin (4% formaldehyde in solution), paraffin-embedded and cut
at 4μm, mounted in superfrost®plus slides and dried overnight. RNAScope
stainingmethodwas performed in an automated immunostaining platform
(Ventana Discovery ULTRA, Roche). Antigen retrieval was first performed
with the appropriate buffer and protease (RNAScope VS Universal Sample
Prep ReagentV2, 323740, ACD), and endogenous peroxidase was blocked
(peroxide hydrogen at 3%). Then, slides were incubated with the human
FGFR1 probe, transcript variant 1, RNAScope™ 2.5 VS Probe- Hs-FGFR1
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(ACD, 310079) or human FGFR2 probe, transcript variant 2, RNAScope™
2.5 VS Probe- Hs-FGFR2 (ACD, 311179). Slides were then incubated with
the corresponding Probe Amplification kit (RNAScope VS Universal HRP
DetectionReagent, 323210, ACD), conjugatedwith horseradish peroxidase,
and the reaction was developed using 3, -3'-diaminobenzidinetetrahy-
drochloride (DAB Detection Kit, 760-224, Ventana, Roche); nuclei were
counterstained with Hematoxylin II and slides were mounted. Positive
control sections were included for each staining run using Positive Control
Probe_Hs-PPIB (313909, ACD). Samples were acquired and digitized using
the AxioScan.Z1 system (Zeiss). Digitalized images were analyzed with the
ZEN 2.3 lite software (Zeiss) and tumoral areas were categorized in the
different scores: score 0 (no staining or <1 dot/10 cells), score 1 (1–3 dots/
cell), score 2 (4–9 dots/cell and none or very few are in clusters), score 3
(10–15 dots/cell and <10% dots are in clusters) and score 4 (>15 dots/cell
and >10% dots are in clusters). Scores of 3 and 4 were considered
RNAScope-positive.

Genomic DNA extraction
Genomic DNA from paraffin tissue sections was extracted using the High
Pure FFPET DNA Isolation Kit (Roche, 06650767001) following manu-
facturer instructions. Briefly, 8–10 paraffin tissue sections were depar-
affinized in xylenes followed by ethanol washes. The deparaffinized tissue
pellet is incubatedwith lysis buffer and proteinaseK for 60minutes at 56 °C.
After inactivation of the enzyme at 90 °C, tissue lysates were placed into a
high-pure filter tube, previously adding DNA-binding buffer and iso-
propanol. After washing the column with buffers I and II, DNA was eluted
in a fresh 1.5ml reaction tube. Genomic DNA from organoid cells was
extracted using the DNeasy Blood and Tissue kit (Qiagen, 69504) following
the manufacturer's protocol.

Whole-exome sequencing
Whole-exome sequencing (WES) was performed on genomic DNA sam-
ples byMacrogen Inc. (Seoul, Korea) using the SureSelectV6 capture kit and
the NovaSeq6000 System (Illumina, San Diego, CA, USA). DNA was
quantified using the Qubit 1× dsDNA HS Assay Kit (ThermoFisher Sci-
entific) in theQubit 4 Florometer (ThermoFisher Scientific). DNA integrity
evaluation was performed using the Genomic DNA Assay kit (Revvity) on
the LabChip GX Touch (Revvity). Libraries were prepared using the Illu-
mina DNA Prep with Enrichment v.2.5 kit as recommended by the man-
ufacturer. A set of 12-plex pre-hybridization pools was created and included
for their hybridization with the Twist Bioscience for Illumina Exome 2.5
Panel (Illumina). Library pools were quantified using Qubit 1× dsDNAHS
AssayKit (ThermoFisher Scientific) following themanufacturer’s suggested
protocol in the Qubit 4 Florometer (ThermoFisher Scientific). The final
library size was determined usingHigh Sensitivity DNAAssay (Revvity) on
the LabChip GX Touch (Revvity). Libraries were sequenced using Nova-
Seq6000 System (Illumina) at a loading concentration of 150pM in a 10B
Flowcell (2x150bp). IlluminaBCLConvert softwarewas used for generating
fastq files.

Sequencing data processing
Variant calls were generated from the raw data using the Varca pipeline
(https://github.com/cnio-bu/varca) in tumor-only mode, which imple-
ments theGATK´s best practices. For this purpose, raw readswere trimmed
to remove adapters and low-quality bases using Trimmomatic version 0.36
(with the following parameters: ILLUMINACLIP:TruSeq3-PE-
2.fa:2:30:10:2:True; LEADING:3; TRAILING:3; SLIDINGWINDOW:4:15;
MINLEN:36. Residual polynucleotide ends were trimmed using fastp ver-
sion 0.23.4, with the parameters: –trim_poly_x –trim_poly_g -Q -A -l 36.

The processed data were aligned to the human reference genome
GRCh38 with BWA-MEM2 version 2.2.1. Subsequent variant calling was
performedusing theGenomeAnalysis Toolkit (GATK) version 4.4.0.0with
HaplotypeCaller and MuTect2. Variants were annotated with the Ensembl
Variant Effect Predictor (VEP) version 109.

Putative variants were then filtered to retain only somatic variants,
keeping only those passing the pipeline quality control filters, with a fre-
quency lower than 1% in the general population, affecting primary tran-
scripts identified by APPRIS, or any transcripts if principal isoforms were
not identified; and labeled as moderate or high impact variants by
Ensembl’s VEP.

Cell-free DNA analysis
Total circulating free nucleic acids were isolated from 5ml of plasma using
QIAamp Circulating Nucleic Acid Kit (Qiagen). Low-size fragments were
purified with the Agencourt® AMPure® XP magnetic beads (Beckman
Coulter, Life Science). Quantification as well as DNA quality assessment
were carried out Cell-free DNA ScreenTape Assay for TapeStation Systems
(Agilent Technologies). NGS was performed using Oncomine Pan-Cancer
Cell-Free Assay (Thermofisher Scientific, SL), which is a targeted next-
generation sequencing, multi-biomarker assay that enables the detection of
genomic alterations across 52 cancer-relevant genes. This assay allows
detection of SNVs, Indels and CNVs. Library preparation is performed
manually, and the chip template is prepared using the Ion Chef System
(Thermofisher Scientific, SL). Sequencing is performed using the Ion S5™
System (ThermoFisher Scientific). Sequence alignment to the hg19 human
reference genome was performed using Torrent Suite version 5.18 (Ther-
moFisher Scientific). For variant calling and annotation, Ion Reporter
Software 5.20 was used (workflow: Oncomine TagSeq Pan-Cancer Liquid
Biopsy - w2.6 - Single Sample, ThermoFisher Scientific). The mean
sequencing depth recommended to detect a somatic variant is 20000x. The
LOD of the test is ≥ 0.1% when cfDNA used is between 20–50 ng (recom-
mended for this assay). Sensitivity to detect Hotspot mutations (SNV and
indels) is >80% and specificity is >98%. The nomenclature follows the
guidelines of the Human Genome Variant Society (HGVS) v21.02.

The hotspots detected included SNVs and indels in the following gene
exons and flanking intronic regions: AKT1 (3), ALK(21, 22, 23, 24, 25),
AR(6, 8), ARAF(7), BRAF(11, 15), CHEK2(11), CTNNB1(3), DDR2(8, 15,
17),EGFR (3, 7, 12, 18, 19, 20, 21, 22),ERBB2(8, 17, 19, 20, 21, 22),ERBB3(3,
7, 12, 18, 19), ESR1(6, 8, 9), FGFR1(5, 14, 15), FGFR2(7, 9, 12, 13, 14, 15),
FGFR3(7, 9, 13, 14, 16), FGFR4(13), FLT3(20), GNA11(5), GNAQ(5),
GNAS(8, 9),HRAS(2, 3), IDH1(4), IDH2(4),KIT(8, 9, 10, 11, 13, 14, 17, 18),
KRAS(2, 3, 4),MAP2K1(2, 3, 6),MAP2K2(2, 6),MET(14, 16, 19),MTOR(4,
30. 39, 40, 43, 44, 45, 47, 48, 50),NRAS(2, 3, 4),NTRK1(14, 15),NTRK3(16),
PDGFRA(7, 10, 11, 12, 14, 16, 18), PIK3CA(2, 3, 5, 8, 10, 14, 21), RAF1(7),
RET(10, 11, 13, 14, 15, 16),ROS1(36, 37, 38, 39, 42),SF3B1(15), SMAD4(3, 9,
10, 12), SMO(3, 5, 6, 8, 9, 11),APC(16), FBXW7(9, 10, 11, 12), PTEN(1, 2, 5,
6, 7, 8, 9), TP53(4, 5, 6, 7, 8).

CNV genes: CCND1, CCND2, CCND3, CDK4, CDK6, EGFR, ERBB2,
FGFR1, FGFR2, FGFR3, MET, MYC.

Fusions: ALK, BRAF, ERG, ETV1, FGFR1, FGFR2, FGFR3, MET,
NTRK1, NTRK3, RET, ROS1.

Statistical analysis
Sample size was not pre-specified due to the dose-escalation nature of the
trial. The primary and secondary objectives of the study were to assess
toxicity and efficacy (measured according to the NCI CTC AE V.5.0 and
determining PFS time, respectively). The efficacy and toxicity population
was defined as those patients receiving at least one dose of the study drugs.
Kaplan–Meier survival analyses were conducted to estimate PFS, and
comparisons between groups were assessed using the log-rank test. Median
PFS and 95% confidence intervals were calculated with statistical sig-
nificance set at P < 0.005 (two-sided). Statistical tests were performed using
Python (version 3.8) with statistical packages.

Data availability
WESandNGSdata presented in this study has been deposited on the public
repository The Sequence Read Archive (NCBI SRA) with the following
accession codes PRJNA1241528 and PRJNA1242686 respectively.
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