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Abstract

Purpose: Biomarkers of response and resistance to FLT3 tyrosine kinase inhibitors (TKIs) are 

still emerging and optimal clinical combinations remain unclear. The purpose of this study is to 

identify co-occurring mutations that influence clinical response to the novel FLT3 inhibitor 

pexidartinib (PLX3397).

Experimental Design: We performed targeted sequencing of pre-treatment blasts from 29 

patients with FLT3 internal tandem duplication (ITD) mutations treated on the phase I/II trial of 

pexidartinib in relapsed/refractory FLT3-ITD+ AML. We sequenced 37 samples from 29 patients 

with available material, including 8 responders and 21 non-responders treated at or above the 

recommended phase 2 dose of 3000mg.

Results: Consistent with other studies, we identified mutations in NRAS, TP53, IDH2 and a 

variety of epigenetic and transcriptional regulators only in non-responders. Among the most 
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frequently mutated genes in non-responders was CCND3. A total of 3 individual mutations in 

CCND3 (Q276*, S264R, and T283A) were identified in 2/21 non-responders (one patient had 

both Q276* and S264R). No CCND3 mutations were found in pexidartinib responders. Expression 

of the Q276* and T283A mutations in FLT3-ITD MV4;11 cells conferred resistance to apoptosis, 

decreased cell cycle arrest, and increased proliferation in the presence of pexidartinib and other 

FLT3 inhibitors. Inhibition of CDK4/6 activity in CCND3 mutant MV4;11 cells restored 

pexidartinib-induced cell cycle arrest but not apoptosis.

Conclusions: Mutations in CCND3, a gene not commonly mutated in AML, are a novel cause 

of clinical primary resistance to FLT3 inhibitors in AML and may have sensitivity to CDK4/6 

inhibition.

Translational Relevance

Systematic genomic interrogation of patients treated on clinical trials of novel cancer therapeutics 

is necessary to uncover response biomarkers that can direct treatment to patients most likely to 

benefit and reveal potential targets for combination therapy. In a phase I/II trial of the FLT3 

inhibitor pexidartinib in acute myeloid leukemia (AML), we observed that recurrent mutations in 

NRAS, IDH2, TP53, and other epigenetic and transcriptional regulators are associated with poor 

response to pexidartinib. In addition, recurrent oncogenic mutations in the gene encoding cyclin 

D3 (CCND3) are associated with primary resistance to pexidartinib. CCND3 mutations cause 

decreased cell cycle arrest and reduced apoptosis with FLT3 inhibitor treatment, representing a 

novel mechanism of resistance to FLT3 inhibitors. CDK4/6 inhibition with palbociclib can restore 

cell cycle arrest in response to FLT3 inhibition. Combined CKD4/6 and FLT3 inhibition may be a 

promising potential therapeutic strategy in FLT3-mutant AML.

Introduction

Genomic studies have revealed the mutational landscape of de novo acute myeloid leukemia 

(AML) and shed light on the impact of somatic mutations on prognosis(1,2). Constitutively 

activating mutations in FMS-Like Tyrosine Kinase 3 (FLT3), most commonly internal 

tandem duplication (ITD) mutations in the juxtamembrane domain or point mutations in the 

tyrosine kinase domain (TKD), are the most frequently observed mutations in AML(2,3). 

FLT3-ITD mutations are particularly associated with poor prognosis(4,5). A randomized 

study of the Type II FLT3 tyrosine kinase inhibitor (TKI) quizartinib compared with 

chemotherapy in relapsed/refractory (R/R) FLT3-ITD+ AML (QuANTUM-R) demonstrated 

superior survival for patients treated with quizartinib, underscoring the clinical efficacy of 

FLT3 TKIs(6). However, duration of response to quizartinib and other Type II FLT3 

inhibitors(7–11) (which bind only the inactive kinase conformation) is limited by 

development of acquired resistance-conferring FLT3 kinase domain (KD) mutations. KD 

mutations, particularly at the D835 activation loop residue, are a commonly reported 

mechanism of clinical resistance to Type II FLT3 inhibitors such as quizartinib and 

sorafenib(7–11), which bind only the inactive kinase conformation. Type I FLT3 inhibitors 

such as crenolanib and gilteritinib, which bind the active kinase conformation, can 

circumvent resistance caused by FLT3 D835 mutations(12,13) and have demonstrated 

clinical activity in R/R FLT3-mutated AML(14,15). A randomized phase 3 study of 

gilteritinib (ADMIRAL) compared to salvage chemotherapy (NCT02421939) in AML 
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showed a significant overall survival benefit for gilteritinib compared to chemotherapy (9.3 

months vs 5.6 months)(16), leading to the Food and Drug Administration (FDA) approval of 

gilteritinib in FLT3-mutated R/R AML.

Systematic translational studies of patients treated with targeted therapy are essential to 

understand predictors of clinical response and elucidate clinically relevant resistance 

mechanisms. Sequencing of patients treated with crenolanib or gilteritinib therapy have 

revealed that alternative, non-FLT3-dependent resistance mechanisms are responsible for the 

majority of clinical resistance to these Type I FLT3 inhibitors. Ras pathway mutations 

appear to be a particularly common mechanism of resistance to both gilteritinib and 

crenolanib. In a recent report from our group, treatment-emergent Ras/MAPK pathway 

mutations were acquired in 15 of 41 patients (36.6%) treated with gilteritinib, including 

activating mutations in NRAS (13/41 patients; 31.7%), KRAS (3/41 patients; 7.3%), 

PTPN11 (3/41 patients; 7.3%), CBL (2/41 patients; 4.9%), and BRAF (1/41 patients; 2.4%)

(17). Two other patients in this study developed new BCR-ABL1 fusions, in keeping with 

other reports(17,18). In a similar report of crenolanib resistance, mutations in RAS pathway 

genes including NRAS, KRAS, PTPN11 and CBL were noted in poor responders and/or 

were acquired or expanded on crenolanib treatment(19). In addition, mutations in a variety 

of genes involved in epigenetics (IDH1/2, TET2), splicing (U2AF1), cohesin (STAG2), 

transcription (ASXL1, CEBPA) and TP53 pathway (TP53, PPM1D) were associated with 

poor response to crenolanib(19). In contrast, a minority of patients developed resistance due 

to FLT3 KD mutations, though the FLT3 F691L “gatekeeper” mutation did emerge in 2 of 

26 and 5 of 41 patients resistant to crenolanib and gilteritinib, respectively(17,19). The role 

of these non-FLT3 dependent “off-target” mechanisms in Type II FLT3 inhibitor resistance 

has not been well-characterized, with previous studies instead suggesting that “on-target” 

FLT3 KD mutations are the major mechanism of resistance to this class of FLT3 

inhibitors(11,20).

Pexidartinib (PLX3397) is a Type II, selective small molecule kinase inhibitor of CSF1R, 

KIT and FLT3-ITD with unique activity against the FLT3 F691L mutation. Based on its 

activity against CSF1R, pexidartinib was recently approved for the treatment of advanced 

tenosynovial giant cell tumor, a neoplasm whose growth is related to CSF1R. In preclinical 

studies, pexidartinib demonstrated equipotent activity in cells expressing FLT3-ITD/F691L 

mutations compared to cells expressing native FLT3-ITD, though it remains vulnerable to 

FLT3 D835 mutations(11). A phase 1/2 open-label, sequential dose escalation study of 

continuous oral administration of pexidartinib demonstrated clinical activity in R/R FLT3-

ITD+ AML(21). In an effort to understand the impact of coexisting mutations on response 

pexidartinib therapy, we performed capture-based sequencing of 585 malignancy-associated 

genes in pre-treatment blasts isolated from patients enrolled on a phase I/II trial of 

pexidartinib in relapsed/refractory AML (NCT01349049) with the goal of identifying 

mutations associated with resistance to pexidartinib.
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Materials and Methods

Patient Samples.

These studies were conducted according to the Declaration of Helsinki guidelines. Samples 

were obtained following written informed consent from patients enrolled on the Phase I/II 

clinical trial of pexidartinib in relapsed or refractory AML (NCT01349049). Collection and 

analysis of samples was approved by the UCSF institutional review board (IRB) and the 

individual IRB of all institutions participating in the above-referenced pexidartinib clinical 

trial. Details of the clinical trial and results are reported elsewhere(21). We sequenced a total 

of 29 unique patients: 8 responders, 21 non-responders (Table S1). Response to treatment 

was evaluated using a modified version of the International Working Group (IWG) response 

criteria as described previously(21). Any patient not achieving a protocol-defined response 

was considered a non-responder. Patient blasts and T-cells were isolated from pre-treatment 

blood or bone marrow samples by fluorescence-activated cell sorting (FACS) for cell surface 

markers (see Figure S1). All responders with available material (defined as having either a 

pre-treatment FACS-purified blast sample or pre-treatment mononuclear cells containing 

leukemia in addition to a FACS-purified T cell somatic control) were sequenced using our 

custom capture panel (n=8). Samples from non-responder patients with available material 

and who were treated at or above the recommended phase 2 dose (RP2D) of 3000mg were 

sequenced (n=21). Samples from additional time points were sequenced when available. All 

patients had a history of detectable FLT3-ITD mutations prior to study enrollment and were 

considered relapsed or refractory after at least one line of AML chemotherapy. Targeted 

sequencing of CCND3 was done after PCR amplification from pre-treatment genomic DNA 

samples in an additional 21 patients treated at 3000mg of pexidartinib and above using 

primers CCND3 E5F ATGTGTTGGGAGCTGTCCTT and CCND3 E5R 

GGTAGGACCAGATCCCTTGG.

Genomic Sequencing and Analysis.

Targeted next generation sequencing of 585 genes (Table S2) with a known role in malignant 

transformation was conducted using the Memorial Sloan Kettering integrated mutation 

profiling of actionable cancer targets panel (MSK IMPACT) as previously described(22). To 

call FLT3-ITD, PINDEL v2.3 was used and results were restricted to duplication events 

present in the canonical ITD sites in more than 10 reads with at least one read from each 

strand. Mutational calls were made by alignment to common unmatched normal samples and 

then filtered using matched sorted T cells for single nucleotide polymorphisms and events 

with similar variant allele frequencies.

Cell Lines.

MV4;11 cells were obtained from the laboratory of Scott Kogan and authenticated by 

Promega STR analysis. All cell lines were documented to be mycoplasma-free by PCR 

testing 2–4 times per year. Cells were thawed and used within approximately 3 months for 

the indicated experiments. CCND3 targeted shRNA sequence 

GCTTCTCCTGTGTGATTGACA was cloned into plasmid pMK1222 (kind gift of J. 

Weissman lab). Plasmid containing the full length CCND3 cDNA cloned into pDONR221 

backbone was obtained from the Harvard PlasmID Repository (Boston, MA). Mutations 
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were introduced by Quikchange site directed mutagenesis (Agilent Technologies; Santa 

Clara, CA) per manufacturer’s protocol and cloned into MSCV puro plasmid using Gateway 

recombination (ThermoFisher; Waltham, MA). Stable MV4;11 cell lines were generated by 

lentiviral infection of CCND3 targeted shRNA followed by retroviral infection with empty 

vector or the appropriate mutated CCND3 plasmid as previously described(20).

Cell Proliferation, Apoptosis and Cell Cycle Analysis.

Pexidartinib was obtained under material transfer agreement from Plexxikon Inc. AC220 

(quizartinib), palbociclib, gilteritinib, midostaurin, crenolanib, CT7001 (CDK7 inhibitor), 

and BAY1251152 (CDK9 inhibitor) were purchased from Selleckchem (Houston, TX) and 

sorafenib was purchased from LC Labs (Woburn, MA). For proliferation assays, 

exponentially growing cells were seeded at a concentration of 2 × 105/cells per mL in the 

presence of inhibitor at the indicated concentration in RPMI + 10% FCS on day 0 and 

counted every 2–3 days for the indicated time period. Cells were diluted as necessary to 

maintain a maximal cell density of < 2 ×106 cells/mL to allow for exponential grown and the 

appropriate dilution factor was factored in to obtain total cell numbers. Fold proliferation 

was calculated by normalizing cell numbers on each day to starting cell number on day 0.

For assessment of apoptosis, exponentially growing cells were plated in the presence of 

inhibitor at the indicated concentration in RPMI + 10% FCS for 48 hours. Cells were fixed 

with 4% paraformaldehyde (Electron Microscopy Sciences; Hatfield, PA) and permeabilized 

with 100% methanol (Electron Microscopy Sciences; Hatfield, PA) followed by staining 

with Alexa Fluor 647-conjugated anti-active caspase-3 antibody (BD Pharmingen; San Jose, 

CA). Cells were run on a LSRFortessa (BD Pharmingen; San Jose, CA) cell analyzer and 

data was analyzed using FlowJo (Tree Star Inc; Ashland, OR). Percentage of live cells was 

determined by negative staining for activated caspase-3.

For cell cycle analysis, exponentially growing cells were plated in the presence of inhibitor 

at the indicated concentration in RPMI + 10% FCS for 24 hours. Cells were then incubated 

for 2 hours in EdU (5-ethynyl-2´-deoxyuridine) and stained using the Click-iT Plus EdU 

Alexa Fluor 647 Flow Cytometry Kit (ThermoFisher; Santa Clara, CA) and DAPI (4’,6-

Diamidino-2-Phenylindole, Dihydrochloride) per manufacturer’s protocol. Cells were run on 

a LSRFortessa (BD Pharmingen; San Jose, CA) cell analyzer and analyzed for DNA content 

distribution using FlowJo (Tree Star Inc; Ashland, OR).

Immunoblotting.

Exponentially growing MV4;11 cells stably expressing CCND3 isoforms were plated in 

RPMI medium 1640 + 10% FCS supplemented with inhibitor at the indicated concentration. 

After the indicated incubation time, the cells were washed in phosphate buffered saline and 

lysed and processed as previously described(23). Immunoblotting was performed using 

indicated antibodies from Cell Signaling Technologies (Beverly, MA) anti-cyclin D3 

(2936S), anti-CDK4 (12790S), anti-CDK6 (3136S), anti-phospho-RB (9307S), anti-RB 

(9313S), anti-phospho-STAT5 (9359S), anti-STAT5 (94205S), anti-phospho-ERK (9101S), 

anti-ERK(9107S), anti-phospho-AKT (4060S), anti-AKT (9272S), anti-cyclin D2 (3741S), 
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anti-actin (4967S), and anti-GAPDH (sc-25778; Santa Cruz Biotechnology; Dallas, TX). 

Data shown are representative of multiple experiments.

Results

Mutations Identified in Pexidartinib-Treated FLT3-ITD AML Patients

We identified 225 mutations in 68 different genes in 37 samples from 29 unique patients 

(Figure 1 and Table S3). 24 patients had only 1 evaluable sample (from the pre-treatment 

time point), 3 patients had 2 evaluable samples (from 2 time points), 1 patient had 3 

evaluable samples (from 2 time points) and 1 patient had 4 evaluable samples (from 4 time 

points). All patients had a FLT3-ITD mutation identified by next generation sequencing 

(Table S4) in the pre-treatment sample. One patient (8_002) lost the FLT3-ITD mutation at 

the relapse/end-of-treatment timepoint, as has been previously described at relapse on other 

FLT3 inhibitors(17). An average of 5 mutations were observed per sample (range 3 to 14).

The range of mutations identified in this patient cohort was similar to that described in large 

sequencing studies of newly diagnosed AML patients(1,2). The frequencies of AML 

classifications were similar to another published cohort of FLT3-ITD AML patients treated 

with chemotherapy23, but also included mutations in genes not commonly identified in AML 

(Figure 1A and 1B). Classification of mutations revealed clustering of genes in functional 

classes previously linked to AML (Figures 1B and S2). Genomic classification based on 

patterns of co-mutation using a previously defined algorithm(1) revealed enrichment for 

patients with co-occurring NPM1 mutations (known to co-occur with FLT3-ITD)(1) as well 

as a high frequency of mutations in chromatin-modification and spliceosome genes (Figure 

S2) similar to that observed in chemotherapy-treated FLT3-ITD patients(24).

The pattern of mutations associated with no response to pexidartinib (Figure 1B–C) was 

consistent with mutation patterns reported in prior studies of crenolanib and gilteritinib 

resistance(17,19). Similar to crenolanib(19) and gilteritinib(17), mutations in MAPK 

pathway genes NRAS (1/21, 4.8%) and CBL (2/21; 9.5%) were observed in pexidartinib 

non-responders. Mutations in TP53 (2/21; 9.5%) and IDH2 (3/21; 14.3%), which have been 

shown to confer resistance to crenolanib(19), were also exclusively observed in pexidartinib 

non-responders. Similar to the pattern in crenolanib poor-responders(19), mutations in 

cohesin complex members, splicing factors, epigenetic regulators and/or transcription factors 

such as U2F1, STAG2, ASXL1, BCOR and CEBPA were amongst the most common 

recurrently mutated genes in pexidartinib non-responders (Figure 1C). In contrast to 

crenolanib, where TET2 frameshift/nonsense mutations were associated with poor 

response(19), TET2 mutations did not segregate with differential pexidartinib response 

(Figure 1B).

No Newly Mutated Off-Target Genes Identified At Relapse on Pexidartinib

Two responders (7_008 and 8_002) had sequencing of both pre-treatment and relapse 

samples allowing the identification of mutations associated with acquired pexidartinib 

resistance. In each case of acquired resistance, new FLT3 TKD mutations known to confer 

resistance to pexidartinib were observed with high variant allele frequency in the relapse 
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sample (patient 7_008: N676K, VAF=0.41 and patient 8_002: D835Y, VAF=0.42; Figure 

S3), supporting the central role of on-target mutations in acquired FLT3 inhibitor resistance. 

These results are consistent with a prior report of these samples from our group using a 

different deep sequencing platform(11). Significantly, no newly mutated genes were 

detectable in relapse samples from either patient, though patient 7_008 did acquire second 

distinct mutations in TET2 and WT1 at the time of resistance (Figure S3) demonstrating 

clonal evolution in the dominant clone at relapse In the 3 remaining patients sequenced at 

multiple time points (non-responders), mutations and mutation frequencies were largely 

stable over time (Figure S3), suggesting the absence of significant changes in clonal 

dynamics with inhibitor treatment in these patients.

Recurrent CCND3 Mutations Are Associated with Primary Resistance to Pexidartinib

We next turned our attention to potential mediators of primary resistance. Among 

pexidartinib non-responders, in addition to genes known to be commonly mutated in AML, 

we observed recurrent mutations in CCND3 (VAF range: 0.06 to 0.39), APC (VAF range: 

0.28 to 0.49), CAD (VAF range: 0.43 to 0.53), and KDM2B (VAF range: 0.43 to 0.48) 

(Figure 1C). Mutations in these genes are not commonly implicated in AML or myeloid 

malignancy pathogenesis, though it is also likely that most prior targeted genomic 

sequencing studies in AML have not included these genes. Another recurrently mutated 

gene FAT1 (VAF range: 0.46 to 0.42) is also infrequently mutated in AML, but mutations 

have been previously described in AML patients with FLT3-ITD mutations(24). While 

mutations in the tumor suppressor gene APC are well-described in colorectal cancer (CRC), 

they have not been observed in AML(25) and the APC mutations observed in this cohort did 

not occur at mutational hotspots associated with CRC. Dysregulation of the histone 

demethylase KDM2B has been linked to a variety of cancers, including hematologic 

malignancies(26). However, KDM2B mutations have not been observed in AML nor proven 

to be oncogenic in other malignancies. Similarly, CAD gene amplification has been 

associated with deficiencies in DNA mismatch repair in cancer cell lines(27), but mutations 

in CAD are not known to be pathogenic in any cancer. Though the mutations in APC, CAD, 

KDM2B and FAT1 observed in our cohort are not known oncogenic mutations (Figure S4), 

we did observe known oncogenic mutations in CCND3, the gene encoding cyclin D3. 

Mutations in CCND3 were found in 2 non-responders, including one patient (1_020) with 2 

distinct CCND3 mutations (T283A and S264R; Table 1). Among mutations found 

exclusively in non-responders, mutations in CCND3 occurred at the second highest 

frequency of any gene (Figure 1C). Mutations in CCND3 have rarely been reported in 

AML(28,29) and have not been identified in larger AML genomic sequencing 

efforts(1,2,24).

While rare in AML, recurrent missense, nonsense and frameshift mutations in CCND3 have 

been frequently identified in sporadic and HIV-associated Burkitt lymphoma and to a lesser 

degree in diffuse large B cell lymphoma (DLBCL)(30). Missense mutations in the conserved 

threonine 283 (T283) residue are known to affect D-type cyclin phosphorylation and 

stability(31) and, along with nonsense/frameshift mutations in the C terminus of cyclin D3, 

result in accumulation of mutant isoforms associated with increased proliferative advantage 

in Burkitt lymphoma cells(30). Importantly, both the Q276* and T283A mutations identified 
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in pexidartinib-resistant patients are recurrently observed mutations in Burkitt lymphoma 

and DLBCL(30).

Functional Validation of Cyclin D3 Mutations as a Mechanism of Resistance to Pexidartinib

Mutation or overexpression of cyclin D3 have not been previously associated with FLT3 

inhibitor resistance. However, D cyclins have been shown to function downstream of FLT3-

ITD mediated signaling. Treatment of FLT3-ITD driven cells with pharmacologic FLT3 

inhibitors results in downregulation of cyclin D2 and D3, retinoblastoma protein (RB) 

dephosphorylation and cell cycle arrest(32). Inhibition of CDK4/6 activity in these cells can 

impair proliferation and induce cell cycle arrest(32). In light of these findings, we 

hypothesized that CCND3 mutations resulting in cyclin D3 stabilization and overexpression 

may abrogate downstream cell cycle arrest induced by FLT3 inhibitor treatment.

To determine whether cyclin D3 expression is necessary for the proliferation of FLT3-ITD 

driven cells, we first performing shRNA knockdown of cyclin D3 in the FLT3-ITD mutant 

MV4;11 cell line and measured proliferation (Figure 2A and 2B). Knockdown of cyclin D3 

mildly impaired proliferation of MV4;11 cells over time, suggesting cyclin D3 is not an 

essential mediator of cell cycle progression in these cells. Overexpression of wild type or 

mutant cyclin D3 in cells with knockdown of native cyclin D3 restored proliferation to levels 

commensurate with parental MV4;11 cells (Figure 2B).

In contrast, cells overexpressing cyclin D3 Q276* and T283A mutations exhibited increased 

proliferative capacity and decreased cell cycle arrest in the setting of treatment with 

pexidartinib and quizartinib (Figure 2C, 3A and S5). Similar increased proliferation was 

observed in the presence of other clinically relevant FLT3 inhibitors gilteritinib, crenolanib 

and midostaurin (Figure S5). Cells overexpressing wild type (WT) cyclin D3 also exhibited 

decreased cell cycle arrest in the setting of FLT3 TKI treatment, which did not translate to 

significantly increased proliferation with drug exposure compared to empty vector (EV) 

control (Figure 2C). Interestingly, overexpression of both WT and mutant cyclin D3 

isoforms conferred protection from apoptosis induced by a variety of FLT3 inhibitors 

(Figure 3 and Figure S5). Consistent with the function of cyclin D3 downstream of FLT3-

ITD signaling, MV4;11 cells expressing stabilizing cyclin D3 Q276* and T283A mutations 

treated with pexidartinib exhibited sustained cyclin D3 expression over time compared to 

cells expressing empty vector (EV) or WT cyclin D3, despite equivalent modulation of 

downstream FLT3 signaling as measured by STAT5, ERK and AKT phosphorylation (Figure 

2D). CDK4 expression levels were upregulated in cyclin D3 Q276* and T283A expressing 

cells while CDK6 expression levels were decreased, suggesting a preferential role for active 

cyclin D3/CDK4 complexes in mediating proliferation in these cells. Overexpression of 

cyclin D3, particularly the Q276* and T283A mutant isoforms, resulted in increased RB 

phosphorylation that was sustained in the setting of pexidartinib treatment. In aggregate, 

these data suggest that, while not critical for FLT3-ITD mediated cell cycle progression, 

downstream overexpression and stabilization of cyclin D3 can impair FLT3 TKI-mediated 

cell cycle arrest and apoptosis.
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CDK4/6 Inhibition is Insufficient to Overcome Resistance to Apoptosis Conferred by Cyclin 
D3 Mutations

The small molecule CDK4-CDK6 inhibitor palbociclib has demonstrated activity in 

combination with the aromatase inhibitor letrazole in the treatment of advanced estrogen 

receptor positive breast cancer(33). The proposed mechanism of action of CDK4/6 

inhibition is prevention of RB phosphorylation, resulting in subsequent inactivation of RB-

mediated transcriptional corepressor and chromatin modifier activity on genes required for 

cell cycle progression. The anti-proliferative effect of CDK4/6 inhibitors may be potentiated 

by signal transduction inhibitors, which cause downstream cyclin D downregulation. This 

therapeutic potential has led to the development of small molecule inhibitors targeted against 

both FLT3 and CDK4/6(34,35).

Given the central role of CDK4/6 activity in facilitating cyclin D-mediated cell cycle 

progression, we tested the activity of palbociclib in combination with FLT3 TKI treatment in 

cyclin D3 overexpressing MV4;11 cells. Palbociclib restored cell cycle arrest and inhibition 

of proliferation in cyclin D3 overexpressing cell lines in the presence of pexidartinib (Figure 

3A and 3B). Similar inhibition of proliferation was observed when palbociclib was 

combined with other clinically-relevant FLT3 TKIs (Figure S5). Correspondingly, significant 

abrogation of RB phosphorylation was demonstrated only with palbociclib treatment in 

cyclin D3 overexpressing cell lines (Figure 3C), while FLT3 signaling as measured by 

STAT5 phosphorylation was suppressed in all pexidartinib-treated conditions. As before, 

downregulation of cyclin D3 Q276* and T283A isoforms was not observed with 

pexidartinib treatment, alone or in combination with palbociclib, despite clear 

downregulation of native cyclin D3 (MIG EV and CCND3 WT; Figure 3C) and cyclin D2 

(all cell lines; Figure 3C). Similarly, total CDK4 (but not CDK6) levels, were clearly 

decreased with pexidartinib treatment alone or in combination with palbociclib, in the 

setting of native but not mutant cyclin D3 (Figure 3C). The addition of palbociclib to 

pexidartinib was insufficient to restore apoptosis in cyclin D3-overexpressing cell lines 

(Figure 3D), suggesting resistance to apoptosis conferred by cyclin D3 overexpression is 

independent of CDK4/6 kinase activity. Neither addition of a CDK7 or CDK9 inhibitor, 

expected to have broader activity to inhibit expression of anti-apoptotic proteins, could 

overcome resistance to pexidartinib induced by cyclin D3 overexpression (Figure S6).

Discussion

In this study, we have identified mutations in CCND3 as a novel mechanism of primary 

clinical resistance to FLT3 inhibitors in AML. CCND3 mutations have been rarely identified 

in AML to date. However, existing evidence suggests mutations in CCND3 and its related 

family members, CCND1 and CCND2, may be enriched in certain phenotypic or genetic 

contexts. A recent study of MLL-rearranged pediatric and adult AML patients identified 

CCND3 mutations in 5 pediatric MLL-rearranged AML patients (8.9%) and 2 adult MLL-

rearranged AML patients (3.3%)(29). In this study, a low rate of recurrent mutations of 

CCND1 (n = 3, 2.9%) and CCND2 (n = 8, 7.6%) were found in pediatric t(8;21) AML 

patients but not in MLL-rearranged patients. These findings are consistent with another 

recent report of frequent mutations of CCND1 and CCND2 in patients with core-binding 
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factor (CBF) AML but not in other AML subtypes(36). Of note, in our study, neither of the 2 

patients with identified CCND3 mutations had co-existing MLL-rearrangements. Targeted 

sequencing of CCND3 in all patients with available material treated at the recommended 

phase II pexidartinib dose of 3000mg and above (an additional 21 patients) revealed no other 

patients with CCND3 mutations (data not shown).

Though CCND3 mutations appear to be a rare event in AML overall, the occurrence of these 

mutations in R/R FLT3-ITD AML patients with FLT3 inhibitor resistance is indicative that 

even rare mutations can have important consequences that impact response to therapy. 

Additionally, the recent discoveries of CCND1 and CCND2 mutations in CBF AML(36) and 

CCND3 mutations in MLL-rearranged AML(29) suggest that the cyclin D axis may have 

pathogenic significance and serve as a potential therapeutic target in certain AML subtypes. 

In this way, rare but recurrent pathway mutations can collectively implicate particular 

biological nodes for therapeutic targeting. Our current model places cyclin D3 downstream 

of FLT3-ITD signaling, mediating cellular proliferation though activation of CDK4/6, 

subsequent RB phosphorylation and cell cycle entry. Consistent with our data, a role for 

CDK4/6 inhibition has been suggested in in AML(29). While our data suggest that 

proliferative effects induced by cyclin D3 stabilization and overexpression can be mitigated 

by inhibition CDK4/6 kinase activity, the anti-apoptotic effect of cyclin D3 overexpression 

remains unaffected. It is known that molecular effects of cyclin D extend beyond its role in 

CDK activation(31) and overexpression of cyclin D has been previously implicated in 

resistance to chemotherapy-mediated apoptosis(37), suggesting the role of cyclin D3 

mutations in mediating FLT3 inhibitor resistance is complex and multi-functional.

In addition to CCND3 mutations, we also identified mutations in genes previously 

associated with resistance to Type I FLT3 inhibitors in pexidartinib non-responders, 

suggesting a common spectrum of “off-target” mutations associated with FLT3 TKI 

resistance. These commonly mutated genes included members of the cohesin complex, 

splicing factors, epigenetic regulators and/or transcription factors. However, unlike with 

crenolanib, TET2 frameshift/nonsense mutations were not predictive of poor response to 

pexidartinib. As with crenolanib and gilteritinib, mutations in NRAS, CBL, IDH2 and TP53 
were associated with poor response to pexidartinib. However, mutations in other genes 

involved in the Ras pathway (such as PTPN11) or other signaling mutations were not 

identified in our study. The lack of other Ras pathway mutations may be reflective of the 

small numbers in our study and limited number of samples with serial banked samples to 

assess for mutations enriched on treatment or with relapse.

It is likely that as more broadly targeted sequencing studies are done in AML patients 

treated with both targeted and chemotherapy, additional pathogenic abnormalities found at 

overall low frequency in AML will appear with higher prevalence in certain molecular 

subtypes and may impact response to both conventional and targeted therapy. Understanding 

the functional interplay between mutational events, genetic backdrop and treatment response 

is a complex, but critically important problem. Expanded genomic profiling of relapsed/

refractory AML and development of experimental models incorporating complex mutation 

profiles within the context that they appear in patients is essential for optimization of future 

therapeutic strategies and to inform therapeutic decision-making.
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Figure 1. Mutations in FLT3-ITD+ Relapsed/Refractory AML Patients.
(A) Ratio of patients with mutations per gene. (B) Distribution of somatic mutations in 

individual patients organized by pexidartinib response status. Screen = pre-treatment 

(screening) time point; EOT = end of treatment time point; C2D1 = cycle 2 day 1; C4D1 = 

cycle 4 day 1; whole blood = sample from unsorted peripheral blood; blasts = sample from 

sorted blasts. (C) Mutations identified recurrently in pexidartinib non-responders.

Smith et al. Page 14

Clin Cancer Res. Author manuscript; available in PMC 2022 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Cyclin D3 is Dispensable To Proliferation of MV4;11 Cells but Cyclin D3 Mutations 
Confer Resistance to FLT3 TKI Treatment.
(A) Western blot analysis of cyclin D3 expression in MV4;11 cells after knockdown and 

overexpression of empty vector or indicated cyclin D3 isoforms. (B) Fold proliferation of 

indicated cyclin D3 shRNA and cyclin D3 isoform-expressing MV4;11 cells over a sixteen 

day period. EV=empty vector, WT=wild type. Error bars represent standard deviation of 3 

technical replicates. Curves shown are representative of multiple experiments. (C) Fold 

proliferation of cyclin D3 knockdown and overexpressing MV4;11 cells over the indicated 

time period in the presence of 4nM AC220 (quizartinib) or 1000nM PLX3397 (pexidartinib) 
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(p-values derived from one-way ANOVA comparison of Q276* and T283A expressing cells 

to EV). Error bars represent standard deviation of 3 technical replicates. Curves shown are 

representative of multiple experiments. (D) Western blot analysis of indicated cyclin D3 

knockdown and overexpressing of MV4;11 cells 2, 6 and 24 hours after exposure to 1000 

nM of PLX3397. Western Blot analysis using anti-cyclin D3, anti-CDK4, anti-CDK6, anti-

phospho-Rb, anti-Rb, anti-actin, anti-phospho-ERK, anti-phospho-AKT, anti-phospho-

STAT5, anti-ERK, anti-AKT and anti-STAT5 antibodies performed on whole cell lysates. 

Data shown representative of multiple experiments. EV=empty vector, WT=wild type.
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Figure 3. CDK4/6 Inhibition Restores Cell Cycle Arrest and Inhibition of Proliferation in 
Response to FLT3 TKI Treatment.
(A) Cell cycle analysis of cyclin D3 knockdown and overexpressing MV4;11 cells after 24 

hours of treatment with 4nM AC220 or 1000nM PLX3397 with and without 500nM 

palbociclib. (B) Fold proliferation of cyclin D3 overexpressing MV4;11 cells over 10 days in 

the presence of 1000nM PLX3397 and 500nM palbociclib (p-values derived from one-way 

ANOVA comparison of Q276* and T283A expressing cells to EV). Error bars represent 

standard deviation of 3 technical replicates. Curves shown are representative of multiple 

experiments. (C) Western blot analysis of indicated cyclin D3 expressing of MV4;11 cells 
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after 20 hour exposure to 1000nM PLX3397 and 500nM palbociclib. Western Blot analysis 

using anti-cyclin D3, anti-CDK4, anti-CDK6, anti-phospho-Rb, anti-Rb, anti-GAPDH, anti-

phospho-STAT5, and anti-STAT5 antibodies performed on whole cell lysates. Data shown 

represents a single experiment. (D) Average normalized percentage of live cells as assessed 

by caspase-3 activation at 48h following treatment with 1000 nM PLX3397 with and 

without palbociclib for MV4;11 cells after knockdown and overexpression of indicated 

cyclin D3 isoforms (error bars represent s.d. replicate experiments; n = 9; p-values derived 

from paired t-test).
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Table 1.

CCND3 Mutations Identified in Pexidartinib Non-Responders

SAMPLE ID CHR POSITION GENE cDNA 
CHANGE

PROTEIN 
CHANGE DEPTH VAF EFFECT

1_020_blasts 6 41903765 CCND3 c.792C>A p.S264R 753 0.065450644
Non 
synonymous 
codon

6 41903710 CCND3 c.847A>G p.T283A 835 0.141187926
Non 
synonymous 
codon

8_004_blasts (screen) 6 41903731 CCND3 c.826C>T p.Q276* 1174 0.338524035 Stop gained

8_004_wholeblood 
(C2D1) 6 41903731 CCND3 c.826C>T p.Q276* 1179 0.357380688 Stop gained

8_004_wholeblood 
(C4D1) 6 41903731 CCND3 c.826C>T p.Q276* 1302 0.394010113 Stop gained

8_004_blasts (EOT) 6 41903731 CCND3 c.826C>T p.Q276* 955 0.391138637 Stop gained
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