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 ABSTRACT 

Endocrine therapies (ET) with cyclin-dependent kinase 4/6 
(CDK4/6) inhibition are the standard treatment for estrogen 
receptor-α-positive (ER+) breast cancer, however drug resis-
tance is common. In this study, proteogenomic analyses of 
patient-derived xenografts (PDXs) from patients with 22 ER+ 

breast cancer demonstrated that protein kinase, membrane- 
associated tyrosine/threonine one (PKMYT1), a WEE1 ho-
molog, is estradiol (E2) regulated in E2-dependent PDXs and 
constitutively expressed when growth is E2-independent. In 
clinical samples, high PKMYT1 mRNA levels associated with 
resistance to both ET and CDK4/6 inhibition. The PKMYT1 

inhibitor lunresertib (RP-6306) with gemcitabine selectively 
and synergistically reduced the viability of ET and palbociclib- 
resistant ER+ breast cancer cells without functional p53. In 
vitro the combination increased DNA damage and apoptosis. 
In palbociclib-resistant, TP53 mutant PDX-derived organoids 
and PDXs, RP-6306 with low-dose gemcitabine induced 
greater tumor volume reduction compared to treatment with 
either single agent. Our study demonstrates the clinical po-
tential of RP-6306 in combination with gemcitabine for ET 
and CDK4/6 inhibitor resistant TP53 mutant ER+ breast 
cancer. 

Introduction 
Most breast cancer-related deaths occur in the setting of ER+ 

disease (1). Endocrine therapies (ET), in combination with cyclin- 
dependent kinase 4/6 (CDK4/6) inhibitors (CDK4/6i), such as 
palbociclib, abemaciclib, or ribociclib, are standard treatments for 
both high-risk early-stage and/or advanced ER+ breast cancer. Al-
though approximately 80% of ER+ breast cancers initially respond, 
resistance often develops, leading to treatment refractory and lethal 
disseminated disease (2). Currently, there is no consensus on the 
optimal treatment for patients with ET and CDK4/6i-resistant stage 
4 disease. Chemotherapy is commonly used but efficacy is lim-
ited (3–6). 

ATP-dependent protein kinases are aberrantly expressed in 
cancer and are a critical class of therapeutic target, but only a very 
small fraction of the more than 500 kinases encoded by the human 
genome have been successfully targeted (7, 8). Kinase inhibitor 
pulldown assay (KIPA) offers a sensitive assay to quantify poten-
tially targetable kinases despite low abundance (9–11). However, 
despite using KIPA technology to identify therapeutic targets in ER+ 

and triple-negative breast cancer (TNBC; refs. 9, 10, 12), KIPA 
technology has not been applied to the identification of druggable 
kinases in the setting of ET and CDK4/6i resistance in ER+ breast 
cancer. 

Herein, we applied a KIPA assay to investigate ET and CDK4/6i 
resistance in ER+ breast cancers by analyzing 22 distinct ER+ 

patient-derived xenografts (PDXs) that displayed varying degrees 
of estradiol (E2) dependence for growth in vivo. We identified that 
the levels of the WEE1 homolog and G2/M cell cycle checkpoint 
regulatory kinase protein kinase, membrane-associated tyrosine/ 
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threonine one (PKMYT1) were highly E2 regulated in E2- 
dependent PDX models. In contrast, PKMYT1 levels were con-
stitutively high in E2-independent ER+ PDX models and associ-
ated with an elevated E2F transcriptional signature, implying G1/S 
cell cycle deregulation. We therefore sought to study the func-
tional role of PKMYT1 in ER+ breast cancer through correlation 
with survival in published molecularly characterized breast cancer 
datasets; to investigate relationships between PKMYT1 mRNA 
levels and response to preoperative treatment to both aromatase 
inhibitor (AI) and palbociclib; and to establish the therapeutic 
potential of the clinical grade PKMYT1 inhibitor lunresertib (RP- 
6306; ref. 13) in combination with the nucleoside analog gemci-
tabine in a spectrum of preclinical models of ER+ breast cancer 
including cell lines, PDX-derived organoids, and in vivo PDX 
tumors. 

Materials and Methods 
PDX and clinical data analysis 

Proteogenomic data associated with 22 ER+ breast cancers have been 
reported by Gou and colleagues (9). The raw mass spectrometry (MS) 
and sequencing read data are available from PRIDE and dbGaP as cited 
below. In the KIPA analysis, for each kinase, the not available (NA) 
values were converted to the minimum detected kinase level across the 
samples – 1. 

Data from the METABRIC cohort (14, 15) were obtained from 
the cBioPortal for Cancer Genomics (cbioportal.org; RRID: 
SCR_014555), and data from the Clinical Proteomic Tumor Anal-
ysis Consortium (CPTAC) breast cancer prospective cohort (16) 
were obtained from LinkedOmics (linkedomics.org). Z1031B data 
were obtained from ref. 4, and NeoPalAna data were obtained from 
ref. 17. 

The single-sample gene set enrichment analysis (ssGSEA) scores 
were computed with mRNA from 22 ER+ PDX tumors and Neo-
PalAna trial patients using “h.all.v7.0.symbols.gmt” database and 
default parameters for the R gui implementation of ssGSEA2.0 
(GitHub, RRID:SCR_002630; https://github.com/broadinstitute/ 
ssGSEA2.0). RNA-based multigene proliferation scores (MGPS) 
were calculated as described previously (4) by averaging the gene 
median-centered log2 RSEM data for genes previously characterized 
as cycle-regulated (18). 

Cell culture 
MCF7 (ATCC Cat. # HTB-22, RRID:CVCL_0031) and T47D 

(ATCC Cat. # HTB-133, RRID:CVCL_0553) lines were obtained via 
the Tissue Culture Core at BCM in 2017 from the ATCC, with val-
idation by short tandem repeat (STR) testing completed at the Cy-
togenetics and Cell Authentication Core (CCAC) at MD Anderson. 
T47D and MCF7 estrogen-deprivation resistant (EDR) parental lines 
and their Palbo-R derivatives were described previously (19, 20) and 
were validated by STR testing completed at CCAC. Cells were cul-
tured at 37°C in 5% CO2 and were tested for mycoplasma every 6 
months. Cell lines were passaged at most 10 to 20 times. 

MCF7 and T47D cells were maintained in RPMI 1640 media with 
10% FBS (Sigma; cat. # F0926), 1% penicillin-streptomycin (Sigma; 
cat. # P4333), and 5 μg/mL Plasmocin Prophylactic (InvivoGen; cat. 
# ant-mpp). MCF7 EDR and MCF7 EDR Palbo-R cells were 
maintained in phenol red–free RPMI 1640 with 10% charcoal- 
stripped FBS (Sigma; cat. # F6765), 1% penicillin-streptomycin, and 
5 μg/mL Plasmocin. The Palbo-R cell lines were maintained in 
1 µmol/L palbociclib. 

For treatment experiments, the antibiotics and drugs for main-
tenance were removed. RPMI 1640 media with 10% FBS were used 
for MCF7 and T47D cells (parental and Palbo-R), and phenol red– 
free RPMI 1640 with 10% charcoal-stripped FBS were used for 
MCF7 EDR and MCF7 EDR Palbo-R, unless otherwise specified. If 
the treatment reagents were dissolved in DMSO [fulvestrant, pal-
bociclib, abemaciclib, ribociclib, RP-6306, 5-fluorouracil (5-FU), 
and bortezomib], the same concentration of DMSO was added to 
the vehicle control as well as other samples without DMSO-based 
drug solutions. 

In experiments involving response to E2, the cells were first 
cultured in phenol red–free RPMI 1640 with 10% charcoal-stripped 
FBS for 3 days and then treated with phenol red–free RPMI 1640 
with 10% charcoal-stripped FBS containing E2 (and other ligands). 

Chemical reagents 
E2 was used either in a water-soluble form (Sigma; cat. # E4389) 

or dissolved in ethanol (Sigma; cat. # E8875) and stored as 10 mmol/ 
L solutions at �80°C. Fulvestrant was from MedChem Express 
(cat. # HY-13636) and stored as 10 mmol/L solution in DMSO at 
�20°C. Palbociclib was from Selleckchem (cat. # S4482) and stored 
as 10 mmol/L solution in DMSO at �20°C. Abemaciclib was from 
Selleckchem (cat. # S5716) and stored as 5 mmol/L solution in 
DMSO at �20°C. Ribociclib was from Selleckchem (cat. # S7440) 
and stored as 10 mmol/L solution in DMSO at �20°C. AZD1775 
was from Selleckchem (cat. # S1525) and stored as 10 mmol/L so-
lution in DMSO at �80°C. Gemcitabine was from Sigma (cat. # 
1288463) and stored as a 10 mmol/L solution in water at �80°C. RP- 
6306 was provided by Repare Therapeutics as a 10 mmol/L solution 
in DMSO and stored at �20°C or as a powder for making drug 
chow pellets for PDX in vivo experiments. Repare Therapeutics has 
published a detailed schema for how RP-6306 was made (21). 
Gemcitabine (Cayman; cat. # 11690) for animal injection was dis-
solved in preservative-free 0.9% sodium chloride (Hospira) on the 
day of injection. Bortezomib was from Cell Signaling Technology 
(CST; cat. # 2204S) and stored as a 1 mmol/L solution in DMSO at 
�20°C. 5-FU was from Selleckchem (cat. # S1209) and stored as a 10 
mmol/L solution in DMSO at �80°C. 

Reverse transcription–quantitative PCR 
RNA was isolated using the RNeasy Mini Kit (QIAGEN; cat. # 

74106) with concentration determined using a NanoDrop spectro-
photometer. One-step RT-qPCR was conducted using 50 ng RNA 
incubated with SsoAdvanced Universal SYBR Green Supermix (Bio- 
Rad; cat. # 1725274), iScript reverse transcriptase (Bio-Rad; cat. # 
170-8891) and 0.5 μmol/L primers as described previously (22). 
Primer sequences for GAPDH and TFF1 were previously described 
(22). Other primer sequences are listed here: PKMYT1: Forward, 50- 
GTGAGGTCCAGGAGGGAGA-30, Reverse, 50-CACTTCCAGGAT 
GGTGAGG-30. CDK6: Forward, 50-TCGATGAACTAGGCAAAG 
ACC-30; Reverse, 50-AGGTGGGAATCCAGGTTTTC-30; RB1: For-
ward, 50- CTGTCTGAGCACCCAGAATTAG -30; Reverse, 50- GTC 
CAAATGCCTGTCTCTCAT-30; CDK1: Forward, 50- ACAAAG 
GAACAATTAAACTGGCTG-30; Reverse, 50- CTGGAGTTGAGT 
AACGAGCTG-30. All samples were run in triplicate on a CFX96 
thermal cycler (Bio-Rad). 

Immunoblotting 
Cell lysates were prepared in RIPA buffer (Thermo Scientific; 

cat. # 89900) supplemented with protease and phosphatase inhibi-
tors (Roche; SKU 4906845001 and SKU 11697498001, respectively). 
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Animal tissue lysates were prepared in 8 mol/L urea with sonication. 
Proteins were separated by SDS-PAGE on gradient gels (4%–15%; 
Invitrogen; cat. # NW04120BOX, NW04122BOX, NW04125BOX, 
and NW04127BOX) and transferred to nitrocellulose membranes 
(Bio-Rad; cat. # 1620115). Anti-CDK1 pT14 (cat. # 2543, RRID: 
AB_823465), γH2AX (cat. # 9718, RRID:AB_2118009), RB1 (cat. # 
9309, RRID:AB_823629), mouse anti-RB1 (cat. # 9313, RRID: 
AB_1904119), RB1 pS780 (cat. # 8180, RRID:AB_10950972), p53 
(cat. # 9282, RRID:AB_331476), ATR pY1989 (cat. # 30632, RRID: 
AB_2798992), PARP1 (cat. # 9542, RRID:AB_2160739), cleaved 
PARP1 (cat. # 9541, RRID:AB_331426), Caspase 3 (cat. # 9662, 
RRID:AB_331439), cleaved Caspase 3 (cat. # 9661, RRID: 
AB_2341188), and Cyclin E1 (cat. # 20808, RRID:AB_2783554) 
primary antibodies, and anti-rabbit and mouse (cat. # 7074, RRID: 
AB_2099233 and cat. # 7076, RRID:AB_330924, respectively) sec-
ondary ECL-conjugated antibodies were from CST. Anti-PKMYT1 
(cat. # A302-424A, RRID:AB_1907307) primary antibody was from 
Bethyl Laboratory. Anti-total CDK1 (cat. # 33-1800, RRID: 
AB_2533105) and anti-total ATR (cat. # PA5-17265, RRID: 
AB_10975231) primary antibodies were from Thermo Fisher Sci-
entific. Anti-β-actin (cat. # SAB5600204, RRID:AB_3097735) and 
estrogen receptor-α (cat. # PLA0113, RRID:AB_3097737) primary 
antibodies were from Sigma. Anti-GAPDH (cat. # sc-32233, RRID: 
AB_627679) primary antibody was from Santa Cruz Biotechnology. 
Signals were produced by ECL Select Western Blotting Detection 
Reagent (Cytiva # RPN2235) and detected by ChemiDoc Touch 
Imaging System (Bio-Rad). 

Immunoblot band intensities were quantified by ImageJ (RRID: 
SCR_003070; ref. 23). Empty regions above or below target bands 
were used as the background. CDK1 pT14 and ATR pY1989 signal 
intensities were normalized by total CDK1 and ATR, respectively. 
All other proteins were normalized by GAPDH. 

Lentiviral production and selection 
HEK 293T/17 cells (ATCC; cat. # CRL-3216, RRID:CVCL_0063) 

were transfected with short hairpin RNA (shRNA) or PKMYT1 
promoter plasmids (described below) together with the packaging 
plasmids pMD2.G (gift from Didier Trono; Addgene plasmid, # 
12259; RRID:Addgene_12259) and psPAX2 (gift from Didier Trono; 
Addgene plasmid, # 12260; RRID:Addgene_12260) using Lipofect-
amine 3000 Transfection Reagent (Thermo Fisher Scientific; cat. # 
L3000001) overnight. The medium was replaced the next day, and 
the supernatants containing lentiviral particles were harvested every 
24 hours for 2 days after transduction. The supernatants were fil-
tered and concentrated by Amicon Ultra-15 centrifugal filter devices 
(Millipore Sigma; cat. # UFC903024) at 1,000 g for 10 minutes, and 
stored at �80°C. 

Lentiviruses were added to the cells with 6 μg/mL polybrene 
(Sigma-Aldrich; cat. # 107689) at a multiplicity of infection (MOI) 
<1. Transduced cells were selected by 1 to 2 µg/mL puromycin 
(Sigma; cat. # P8833) or 500 µg/mL Geneticin (G418 sulfate; Life 
Technologies; cat. # 10-131-035) for 1 week until the nontransduced 
cells were all killed. Cells were maintained after selection in 125 µg/ 
mL G418 and 0.25 to 0.5 µg/mL puromycin before drug studies. 

Generation of PKMYT1 promoter reporter, TP53 or RB1 
knockdown, and FLAG-tagged wild-type p53 “rescue” cell 
lines 

T47D, T47D Palbo-R, MCF7 EDR, and MCF7 EDR Palbo-R cell 
lines expressing Gaussia luciferase (GLuc) under the control of the 
human PKMYT1 promoter were created by lentiviral transduction 

using a PKMYT1 promoter-GLuc reporter obtained from Gene-
Copoeia (cat. # HPRM40000-LvPG04). 

For lentiviral transduction of MCF7 EDR and MCF EDR Palbo-R 
cells, nontargeting shRNA and two different TP53-targeting 
shRNAs in the pGIPZ lentiviral vector were obtained from Hori-
zon Discovery (cat. # RHS4346, RHS4430-200296439, and 
RHS4430-200289946, respectively). 

For lentiviral transduction of MCF7 cells, two different RB1- 
targeting shRNAs in the pGIPZ lentiviral vector were obtained from 
the BCM Advanced Cell Engineering and 3D Models Core (Horizon 
Discovery sells as cat. # RHS4430-200184904 and RHS4430- 
200183214, respectively). 

For lentiviral transduction of T47D Palbo-R cells to knockdown 
endogenous mutant TP53 encoding L194F mutant protein and re- 
express FLAG-tagged WT p53 protein, cells were first infected with 
a virus expressing shRNA targeting the 30 untranslated region 
(UTR) of mutant TP53 (Sigma; cat. # TRCN0000010814) or a 
control non-targeting shRNA (Sigma; cat. # SHC016) and then se-
lected with puromycin as indicated. Stable cells were then trans-
duced with a virus expressing either N-terminal FLAG-tagged WT 
p53 without its 30 UTR (GeneCopoeia; cat. # EX-B0105-Lv101) or 
N-terminal FLAG-tagged EGFP (GeneCopoeia; cat. # EX-EGFP- 
Lv101) as a control, followed by G418 selection as indicated. 

PKMYT1 promoter assay 
Promoter activity in PKMYT1 promoter reporter cell lines were 

measured by the activity of Gaussia luciferase (GLuc) whose tran-
scription was under the control of a 1.3 kb sequence upstream of the 
PKMYT1 transcription start site. Cells were treated with 1 μmol/L of 
palbociclib or DMSO for 2 days. The media from both groups were 
refreshed after day 1. The day 2 supernatant media was used to 
measure GLuc activity. Within each treatment, the GLuc activity 
was normalized by the activity of CMV promoter-expressed secreted 
alkaline phosphatase (SEAP) that was present in the lentiviral vec-
tor. Supernatant from nontransduced cells were used for measuring 
background luminescence. Reagents for measuring GLuc and SEAP 
activities were from Secrete-Pair Gaussia Luciferase Assay Kit 
(GeneCopoeia; cat. # LF062). In this kit, buffer GL-H was used for 
measuring GLuc activities. 

KIPA-SureQuant for targeted kinase level determination in 
T47D parental and T47D Palbo-R cells 

We previously described a targeted quantification method (called 
“SureQuant”) for absolute level detection of 106 kinase peptides by 
spike-in of heavy labeled synthetic peptides after KIPA was per-
formed (11). We used this assay platform to interrogate T47D pa-
rental versus T47D Palbo-R cells and determined steady-state levels 
for 81 kinases as shown in Supplementary Table S1. 

Cell growth assays 
Cells of interest were plated in 96 well plates with a density of 500 

to 1,000 cells/well 1 day before the drug treatment. Existing media 
was replaced with fresh media with drugs on days 2 or 3. Viability 
was measured on day 6 by an alamarBlue assay (Invitrogen; cat. # 
DAL1100) as described previously (22). 

Drug synergy and sensitivity analysis 
Dose–response curves were simulated using R package drc (3.0-1) 

with the three-parameter log-logistic function (LL.3). Loewe synergy 
scores and combination sensitivity scores were calculated by R 
package SynergyFinder (3.2.10, RRID:SCR_019318; 24). Synergy 
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scores between cell lines were compared using Wilcoxon signed- 
rank test. Combination viability was calculated by subtracting 100 
by the combination sensitivity score. Approximate P-values of the 
combination viability comparison were determined by z-tests using 
the combination viability and the standard error of mean (SEM) of 
the models. 

Cell death assays 
Cells of interest were plated in 96-well plates with a density of 

5,000 cells/well 1 day before the drug treatment. Dead cells were 
labeled by CellTox Green Cytotoxicity Assay (Promega; cat. # 
G8741) by adding it to the media at the beginning of the treatment 
at a 1:1,000 ratio. Cells were imaged at the phase and GFP channels 
3 days after the treatment started. Images were taken by Essen 

Incucyte ZOOM (RRID:SCR_019874). The numbers of green ob-
jects, which indicate the dead cells, were quantified by Incucyte 
ZOOM 2018A software. 

PDX organoids and in vivo drug testing 
The ER+ PDX models were previously described (9). All animal 

procedures were approved by the Institutional Animal Care and Use 
Committee at BCM (protocol AN-6934). 

PDX organoids 
The establishment of PDX organoid (PDxO) from PDX single- 

cell suspensions and the growth media for PDxO have been previ-
ously described (9). Organoids were plated on 96-well plates and 
treated for 2 weeks with a media/drug change every 3 or 4 days. To 

Figure 1. 
PKMYT1 mRNA and protein levels 
are E2-regulated in ER+ breast 
cancer PDXs and cell lines. A, Vol-
cano plot showing the effect of E2- 
deprivation on kinase levels in 22 
ER+ PDXs whose tumor growth 
was either E2-dependent or E2 
independent. All mice were ovari-
ectomized before exogenous E2 
was supplied or not. Levels were 
determined by KIPA. Differen-
tially expressed kinases with 
P-values < 0.05 are labeled. B, 
Absolute PKMYT1 protein levels 
in individual PDX lines were 
measured by KIPA-SureQuant. C, 
PKMYT1 mRNA levels in individ-
ual PDX lines were determined 
by RNA-seq. D, RT-qPCR of 
PKMYT1 mRNA in hormone- 
deprived MCF7 and T47D cells 
treated with vehicle, 10 nmol/L 
E2, and E2 with 100 nmol/L ful-
vestrant for 2 days. E, Immuno-
blotting of protein lysates from 
hormone-deprived MCF7 and 
T47D cells treated with vehicle, 
10 nmol/L E2, and E2 with 100 
nmol/L fulvestrant for 2 days. 
ERα was decreased by fulves-
trant as expected. GAPDH serves 
as a loading control. The figure is a 
representative image of three in-
dependent biological replicates. In 
(A), P-values were calculated by 
paired t test. In (B) and (C), Wil-
coxon signed-rank test P-values 
were shown after the median dif-
ference; paired t test P-values were 
shown after the mean difference. 
Wilcoxon rank sum test and t test 
were used to compare E2-deprived 
samples. In (D), bars show the 
means of individual biological re-
peats indicated by the dots. 
P-values were calculated with one- 
way ANOVA and Tukey HSD. 
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measure viability after 2 weeks, the media was removed. Organoids 
were digested using 50 μL 1 U/mL dispase (STEMCELL Technol-
ogies; cat. # 07923) for 45 minutes at 37°C. 70 μL CellTiter-Glo 3D 
reagent (Promega; cat. # G9682) was then added and the 96-plates 
covered by aluminum foil were placed on a shaker at 225 rpm for 
20 minutes at room temperature. The mixtures were transferred to 
opaque 96-well plates to measure luminescence on a BMG 
luminometer. 

In vivo drug testing 
Two- to three-mm pieces from BCM-7441 PDX tumors were 

engrafted into cleared mammary fat pads of 3- to 4-week-old SCID/ 
beige (strain C.B-17/IcrHsd-PrkdcscidLystbg-J) mice (Envigo). Mice 
were randomized into five groups to receive treatments (n ¼ 7–8 per 
arm). Treatment groups were vehicle, palbociclib (70 mg/kg in 
chow), RP-6306 (300 ppm in chow), gemcitabine (20 mg/kg in sa-
line, intraperitoneal injection once a week), and the combination of 
gemcitabine and RP-6306. Saline was given to all mice that were not 
treated with gemcitabine once a week as the vehicle control. Tumor 
volumes were measured by a caliper every 3 to 4 days and were 
calculated by V ¼ 4/3 � π � (width/2)2 � (length/2). For tumors 
too small to be measured by caliper (≤3 mm), the width and length 
were denoted as 3 mm. Mice were euthanized when tumors reached 
1.5 cm3 or at the study endpoint. 

Statistical analysis 
Majority of statistical analyses and figures were generated using R 

(v4.0.4, The R Foundation for Statistical ComputingRRID: 
SCR_001905). Kaplan–Meier plots are produced with R package 
survminer [0.4.9, (RRID:SCR_021094). Dose–response curves were 
simulated using R package drc (3.0-1; ref. 25)]. Loewe synergy 
scores and combination sensitivity scores were calculated by R 
package SynergyFinder (3.2.10, RRID:SCR_019318; ref. 24). Dun-
nett’s tests were performed using R package DescTools (0.99.4). 
PDXs were clustered by Phantasus v1.19.3 (artyomovlab.wustl.edu/ 
phantasus). All experiments were done with biological replicates of 
three or more. In quantifying experiments, each biological replicate 
had two to five technical replicates depending on the experiments. 
Sources of error, statistical methods and tests, and P-values are all 
reported in the figures and/or figure legends. P-values <0.05 were 
considered statistically significant. 

Data availability 
Raw proteomics or whole exome sequencing/transcriptomics data 

from ERα+ PDX tumors that were analyzed in this study are available 
in the ProteomeXchange Consortium (RRID:SCR_004055) via the 
PRIDE (26) partner repository with the dataset identifier PXD036644 
or in the NCBI database of Genotypes and Phenotypes (dbGaP’RRID: 
SCR_002709) with accession number phs003324.v1.p1. 

Figure 2. 
PKMYT1 mRNA levels are significantly associated with patient outcome and endocrine therapy response. A, Kaplan–Meier survival curves of disease-specific 
survival of patients with Luminal A and B (ER+) breast cancer in the METABRIC cohort, stratified by the median of PKMYT1 mRNA. Numbers of patients with high 
or low PKMYT1 mRNA are shown at the bottom. B, PKMYT1 mRNA level of pre- and post- AI treatment tumors of the patients from the ACOSOG Z1031B trial, 
grouped by AI clinical response (AI sensitive or AI resistant). C, PKMYT1 mRNA level of pre- and post-anastrozole treatment tumors of the patients from the 
NeoPalAna trial, grouped by anastrozole clinical response. In (A), the P-value and hazard ratio were calculated by the Cox Proportional-Hazards model. In (B and 
C), Wilcoxon signed-rank test P-values were shown after the median difference; paired t test P-values were shown after the mean difference. Wilcoxon rank sum 
test and t test were used to compare E2 post-treatment samples. 
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Raw KIPA-SureQuant data from T47D parental and T47D- 
PalboR cells (-/+) palbociclib treatment have been deposited to the 
ProteomeXchange Consortium (RRID:SCR_004055) via the PRIDE 
(26) partner repository with the dataset identifier PXD050619. 

Results 
PKMYT1 expression is E2 regulated in ER+ PDX models when 
tumor growth is E2 dependent, but constitutively 
overexpressed in PDXs when growth is E2 independent 

We have previously described 22 PDXs from patients with ER+ 

breast cancer grown in ovariectomized SCID/beige mice with or 
without exogenous supplementation of E2 (9, 27). Among the 22 
PDX lines, 6 PDXs were completely E2 dependent, defined as tumor 
growth only occurring in the presence of E2. The remaining 16 
PDXs exhibited a spectrum of E2 independencies, from partial to 
complete (9, 27). PDX tumors were also subjected to proteogenomic 
analyses including whole exome sequencing, RNA sequencing 
(RNA-seq), and TMT-based MS to generate both proteomic and 
phosphoproteomic profiles (9, 27). Because ATP-dependent protein 
kinases are critical therapeutic targets, but often challenging to 
quantify due to their relatively low abundance, we also analyzed the 
MS-based kinomes of each PDX using a previously described KIPA 
(9–11). KIPA revealed a set of kinases that demonstrated E2- 
dependent regulation in E2-dependent versus E2-independent 
PDXs. Notably, we observed that PKMYT1, a WEE1 homolog 
(28–30), exhibited the highest E2 regulation among all kinases in the 
E2-dependent PDXs but the expression was not significantly altered 
by E2 exposure in the E2-independent PDXs (Fig. 1A). To validate 
the finding that PKMYT1 is E2 regulated, we used an approach 
whereby a heavy isotope–labeled PKMYT1 peptide was spiked into 
tumor lysates [“SureQuant” (11)] to accurately quantify PKMYT1 
protein levels. In the E2-dependent PDX tumors, PKMYT1 protein 
was significantly lower under the E2-deprived condition compared 
to the E2-supplemented condition (Fig. 1B). Although a significant 
difference was also observed in the E2-independent PDX tumors, 
PKMYT1 levels were decreased by E2 deprivation to a significantly 
lesser extent. Similarly, we found that PKMYT1 mRNA was sig-
nificantly regulated by E2 treatment in E2-dependent PDXs but 
remained high in E2-independent PDXs without exogenous E2 
supplementation (Fig. 1C). Interestingly, the level of the previously 
clinically targeted WEE family kinase, WEE1, was not significantly 
altered by E2 exposure in E2-dependent PDXs based on KIPA, and 
the change was reduced compared to PKMYT1 assessed by Sure-
Quant and RNA-seq (Supplementary Fig. S1). 

PKMYT1 expression is regulated by E2 in ER+ breast cancer cell 
lines 

Because PKMYT1 mRNA is E2 regulated in E2-dependent ER+ 

breast cancer PDXs, we proceeded to verify whether the regulation 
might be transcriptional via ERα. By analyzing existing chromatin 
immunoprecipitation-sequencing (ChIP-seq) datasets from the ER+ 

breast cancer cell line MCF7 using Cistrome DB (31), we observed 
chromatin occupancy of ERα in two major peaks at approximately 
30 and 40 kilobase pairs upstream of the PKMYT1 gene transcrip-
tional start site (Supplementary Fig. S2). Interestingly, these ERα 
peaks overlap regions with H3K27 acetylation (H3K27ac) and H3K4 
monomethylation (H3K4me1), which is suggestive of potential en-
hancer function (Supplementary Fig. S2; ref. 32). Because an en-
hancer can regulate multiple genes within the same chromosomal 
space, we then assayed the E2 regulation of nine genes on 

chromosome 16 in proximity to the ERα-binding sites using existing 
MCF7 transcriptomic data via the Signaling Pathways Project (33). 
Among the nine genes, only the expression of PKMYT1 and PAQR4 
mRNAs were significantly upregulated by E2 (Supplementary Table 
S2). To further verify whether PKMYT1 is an ERα-regulated gene at 
the mRNA level, we treated two ER+ breast cancer cell lines, MCF7 
and T47D, with E2 and fulvestrant, a selective ER degrader (34). We 
found that a 2-day exposure to 10 nmol/L E2 significantly induced 
PKMYT1 mRNA as compared to vehicle-treated cell lines, while the 
addition of 100 nmol/L fulvestrant to 10 nmol/L E2 significantly 
reduced E2-induced mRNA expression (Fig. 1D). Consistent with 
the mRNA data, immunoblotting confirmed that PKMYT1 protein 
levels were also E2-induced and that E2-mediated induction can be 
reversed by fulvestrant (Fig. 1E). To determine whether the 
PKMYT1 E2 induction is simply not secondary to cell cycle tran-
sition, we dysregulated the G1/S checkpoint transition in MCF7 
cells by depleting RB1 protein with two different targeting shRNAs 
and then treated cells with E2. Similar to the well-described ERα 
target gene TFF1 [previously called pS2 (35)], PKMYT1 mRNA 
expression was stimulated by E2 with a similar fold change, re-
gardless of RB1 knockdown, while the E2F target gene CDK1 
[previously called Cdc2 (36)] displayed a decreased E2 induction 
fold change after RB1 knockdown due to increased basal expression 
(Supplementary Fig. S3). 

High PKMYT1 mRNA levels are associated with poor survival 
and reduced response to endocrine therapy in primary ER+ 

breast cancer treated with neoadjuvant aromatase inhibition 
The METABRIC database (14, 15) was used to confirm the 

previously published findings based on a The Cancer Genome Atlas 
analysis that PKMYT1 mRNA levels are associated with poor out-
comes in breast cancer (37). In the Prediction Analysis of Micro-
array 50 (PAM50) subtypes (38) that were Luminal A or B, high 
PKMYT1 mRNA levels were significantly associated with poor 
prognosis (Fig. 2A). To verify correlations between PKMYT1 
mRNA levels and response to ET, we reanalyzed our published 
transcriptomic data from primary ER+ breast cancers treated in the 
neoadjuvant setting, where samples were taken both before and on 
an aromatase inhibitor (AI) to determine individual tumor anti- 
proliferative responses to ET. In the ACOSOG Z1031B trial, patients 
with stage II/III ER+ breast cancer were treated with an AI for 16 to 
18 weeks followed by surgery. A biopsy was taken after 4 weeks and 
if tumor Ki67 levels were >10% positive, patients were offered a 
switch to neoadjuvant chemotherapy because of evidence for ET 
resistance and poor prognosis (4). Among the patients who 
responded to AI, with a decline in the cell cycle biomarker Ki67 
<10%, PKMYT1 mRNA levels decreased significantly after treat-
ment (Fig. 2B). Although PKMYT1 mRNA levels also decreased in 
the AI-resistant group (4 weeks Ki67 >10%), the post-treatment 
level was reduced to a lower extent than in the AI-sensitive group. 
We subsequently performed an analysis of the NeoPalAna trial, 
where patients were initially treated with the AI anastrozole for 4 
weeks, followed by the combination of anastrozole and the CDK4/6i 
palbociclib for a further 2 weeks (see below for the effect of CDK4/6 
on PKMYT1 expression; ref. 17). Similar to the ACOSOG Z1031 
observations, we observed that after 4 weeks of anastrozole treat-
ment, PKMYT1 mRNA levels were significantly decreased in the AI- 
sensitive responders (4 week Ki67 <10%), but not in the AI-resistant 
cases (4 week Ki67 >10%; Fig. 2C). Although protein levels were not 
measured in the NeoPalAna cohort, we confirmed a significant 
correlation between PKMYT1 mRNA and protein levels in a 
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Figure 3. 
Expression of PKMYT1 is negatively regulated by palbociclib treatment in sensitive, but not resistant, ER+ breast cancer cell lines and patients. A, Volcano plot of the 
correlation of PKMYT1 protein levels and Hallmark ssGSEA scores in 22 ER+ breast cancer in ovariectomized PDX mice given exogenous E2. Hallmark pathways with 
P-values < 0.05 are labeled. B, RT-qPCR of relative PKMYT1 mRNA level after 1 μmol/L palbociclib treatment for 2 days, adjusted by GAPDH mRNA and normalized by 
the vehicle-treated cells. C, Luciferase assays were performed to determine PKMYT1 promoter activities in cells transduced with a lentivirus-expressing Gaussia 
luciferase (GLuc) under the control of a ∼1.3 kb PKMYT1 promoter (see “Methods”). Cells were treated with 1 μmol/L palbociclib for 2 days, and GLuc values were 
normalized by the vehicle-treated cells. D, Immunoblotting of protein lysates made from cells treated with 1 μmol/L palbociclib or vehicle for 2 days. GAPDH serves as 
a loading control. The figure is a representative image of three independent biological replicates. E, Scatterplots of PKMYT1 mRNA and Hallmark pathway “E2F 

(Continued on the following page.) Targets” score of NeoPalAna patient samples collected at three stages of treatments [baseline, cycle 1 day 1 (4 weeks 
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different cohort of samples from patients with luminal breast cancer 
(the CPTAC breast cancer prospective cohort; ref. 16)] (Supple-
mentary Fig. S4). A similar analysis was conducted on the PKMYT1 
homolog WEE1 since WEE1 inhibitors have been the subject of 
multiple clinical trials (e.g., ClinicalTrials.gov: NCT03313557 and 
NCT01748825). Among the patients with luminal breast cancer in 
the METABRIC cohort, the median WEE1 mRNA was not prog-
nostic (Supplementary Fig. S5A). The decrease in WEE1 mRNA 
with AI was statistically significant but less marked than PKMYT1 
mRNA in ACOSOG Z1031B and was not statistically significant in 
the NeoPalAna dataset. In both cohorts, no significant difference 
was observed in the post-treatment WEE1 mRNA between the re-
sponders and the nonresponders. (Supplementary Fig. S5B and 
S5C). Thus, on the basis of 22 ER+ PDXs and three clinical patient 
cohorts, our findings suggest that PKMYT1 is regulated at the 
mRNA level by E2 and that mRNA levels track with the degree of E2 
dependence. 

Palbociclib reduces PKMYT1 mRNA and protein levels in 
palbociclib-sensitive ER+ breast tumors and cell lines 

PKMYT1 is a G2/M checkpoint kinase that regulates DNA 
damage repair through inhibitory phosphorylation of CDK1 (28, 30, 
39, 40). To further explore pathways associated with elevated 
PKMYT1 expression, we analyzed correlations between PKMYT1 
protein levels and ssGSEA scores (Supplementary Table S3) among 
the 22 ER+ PDX tumors under both E2-supplemented and E2- 
deprived conditions (Fig. 3A; Supplementary Fig. S6). As expected, 
G2M checkpoint and DNA damage repair Hallmark signatures were 
strongly associated with PKMYT1 protein levels (Fig. 3A). Inter-
estingly, the “E2F targets” Hallmark is one of the signatures that are 
most strongly associated with PKMYT1 protein level, although the 
PKMYT1 gene is currently not included in the Hallmark E2F targets 
in the Molecular Signatures Database (MSigDB) Hallmark gene set 
(41), indicating that this particular kinase is an underappreciated 
aspect of E2F-associated biology (Fig. 3A; Supplementary Fig. S6). 
E2F transcription factors are important drivers for G1/S progression 
in the mammalian cell cycle and these factors are repressed by hypo- 
phosphorylated RB1 (42). Cyclin D-CDK4/6 complexes phosphor-
ylate RB1 and inactivate RB1’s repression on E2Fs by triggering RB1 
dismissal from E2Fs followed by RB1 degradation (43). Clinically, 
CDK4/6 are important kinase targets in ER+ breast cancer as Cyclin 
D1 (encoded by CCND1) is a well-established ERα target gene that 
drives cell cycle progression from G1 to S phase (44). There are 
currently three FDA-approved CDK4/6 inhibitors- palbociclib, 
abemaciclib, and ribociclib (45–48). On the basis of the above 
findings, we speculated that PKMYT1 mRNA levels may also reflect 
the response to CDK4/6i treatment. 

To verify this hypothesis, we used a palbociclib and abemaciclib 
cross-resistant T47D cell line (termed T47D Palbo-R; ref. 19) and 
an estrogen deprivation-resistant (EDR) and palbociclib-resistant 
MCF7 cell line (termed MCF7 EDR Palbo-R; ref. 20), which we 
demonstrate herein is also abemaciclib and ribociclib resistant 
(Supplementary Fig. S7). Both CDK4/6i-resistant cell lines were 
generated by growing parental lines in 1 μmol/L palbociclib for up 
to 6 months and isolating resistant clones. Importantly, the two 

cell lines harbor different mechanisms of palbociclib resistance. 
MCF7 EDR Palbo-R cells have low RB1 levels and overexpressed 
cyclin E1 (20). In contrast, T47D Palbo-R cells express RB1 and 
cyclin E1 to similar levels as the parental T47D cells (Supple-
mentary Fig. S8A). However, upon palbociclib treatment, the RB1 
phosphorylation is not as strongly inhibited in T47D Palbo-R cells 
as in T47D parental cells (Supplementary Fig. S8B). We further 
investigated how T47D-PalboR may be resistant by performing 
KIPA-SureQuant that employed heavy peptides to 106 kinases 
(11). In our discovery experiment, we found that CDK6 but not 
CDK4, had a higher level of expression (∼7 fold) in T47D-PalboR 
versus T47D parental cells (Supplementary Table S1). We further 
validated that CDK6 mRNA was overexpressed (∼6 fold) in T47D- 
PalboR versus T47D parental cells (Supplementary Fig. S8C). Our 
data are consistent with reports that CDK6 overexpression is a 
mechanism for CDK4/6 inhibitor resistance in ER+ breast cancer 
cells (49, 50). 

Palbociclib-sensitive T47D and MCF7 EDR cell lines and their 
Palbo-R derivatives were treated with 1 µmol/L palbociclib for 
2 days to determine effects on PKMYT1 mRNA levels. Upon pal-
bociclib treatment, Palbo-R cell lines demonstrated significantly 
elevated PKMYT1 mRNA levels as compared to the treated parental 
cell lines (Fig. 3B). In an analysis of published ChIP-seq datasets, we 
observed that E2F transcription factors (E2F1, E2F4) occupy chro-
matin near the transcription start site of the PKMYT1 gene in MCF7 
cells (Supplementary Fig. S2; refs. 51, 52). We therefore further 
tested the effect of palbociclib treatment on PKMYT1 promoter 
activity in parental and Palbo-R cells. Cell lines were stably trans-
duced with a Gaussia luciferase (GLuc) reporter gene under the 
control of a 1.3 kb sequence upstream of the PKMYT1 transcription 
start site that contains an E2F consensus motif (TTTGGCGC; refs. 
53, 54). After a 2-day treatment with 1 µmol/L palbociclib, Palbo-R 
cell lines demonstrated significantly elevated PKMYT1 promoter 
activities, which were determined by GLuc activities, as compared to 
the treated parental cell lines (Fig. 3C). Importantly, PKMYT1 
protein levels correlated with mRNA levels and promoter activities 
in the palbociclib-treated cell lines (Fig. 3D). 

PKMYT1 mRNA levels are associated with tumor response to 
palbociclib in clinical trial samples 

The association between PKMYT1 mRNA levels and the tumor 
response to the CDK4/6i palbociclib was further addressed in the 
NeoPalAna patient cohort (17). As introduced previously, patients 
were initially treated with anastrozole for 4 weeks (from baseline to 
cycle 1 day 1) and then subsequently for 2 weeks with the combi-
nation of both anastrozole and palbociclib (denoted as A+P, from 
cycle 1 day 1 to cycle 1 day 15). The ssGSEA scores were calculated 
from the mRNA data of tumor samples (Supplementary Table S4). 
In agreement with the ER+ PDXs findings described above, clinical 
PKMYT1 mRNA levels were strongly and significantly associated 
with the Hallmark E2F targets gene signature throughout the 
treatment course (Fig. 3E). PKMYT1 mRNA levels in patient 
samples taken before and after 2 weeks of anastrozole and palbo-
ciclib treatment were also analyzed. Among the tumors where Ki67 
expression was not suppressed below 10% in response to anastrozole 

(Continued.) treatment with anastrozole) and cycle 1 day 15 (2 weeks treatment with anastrozole plus palbociclib)]. F, PKMYT1 mRNA level of pre- and post- 
anastrozole and palbociclib (A+P) treatment tumors of the patients from the NeoPalAna trial who did not initially respond to anastrozole alone, grouped by A+P 
response. In (B and C), bars show the means of three individual biological repeats. P-values were calculated by t test. In (E), the trend line was calculated by a linear 
regression model and P-values were calculated by Pearson and Spearman correlation. In (F), Wilcoxon signed-rank test P-values are shown after the median 
difference; paired t test P-values are shown after the mean difference. Wilcoxon rank sum test and t test were used to compare E2 post-treatment samples. 
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Figure 4. 
A clinical-grade PKMYT1 inhibitor (RP-6036) and nucleoside analog (gemcitabine) synergistically and significantly reduce the viability of palbociclib-resistant 

(Continued on the following page.) ER+ breast cancer cells that lack functional p53 protein. A, Dose–response curves of RP-6306 effect on the viability of 
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treatment, most of these tumor samples subsequently exhibited Ki67 
suppression after palbociclib treatment. However, there were two 
nonresponders whose tumors displayed Ki67 >10% after 2 weeks of 
A+P treatment. In the Ki67 responders (A+P sensitive), PKMYT1 
mRNA levels were significantly decreased by palbociclib. In con-
trast, the two Ki67-based nonresponders (A+P resistant) exhibited 
high PKMYT1 mRNA levels that were unaffected by palbociclib 
treatment. The difference in post-treatment PKMYT1 mRNA levels 
between the Ki67-based responders and nonresponders was on the 
cusp of statistical significance (P ¼ 0.056 by Wilcoxon rank sum 
test; Fig. 3F). Even though the clinical nonresponder number is 
small, these clinical observations agree with the above preclinical 
data. Unlike PKMYT1 mRNA, WEE1 mRNA levels were not re-
duced in NeoPalAna patient tumors that were A+P sensitive. Ad-
ditionally, no significant difference in the post-treatment WEE1 
mRNA levels was observed between the responders and nonre-
sponders (Supplementary Fig. S9). Interestingly, among luminal 
(ER+) primary breast tumors in the METABRIC cohort, PKMYT1 
mRNA levels were strongly correlated with Ki67 mRNA levels 
(Supplementary Fig. S10). 

The combination of a PKMYT1 inhibitor and gemcitabine 
synergistically reduces the viability of palbociclib-resistant, 
p53-deficient ER+ breast cancer cells 

As a WEE family kinase, PKMYT1 plays an important role in 
DNA damage repair coordination at the G2/M checkpoint by 
preferentially phosphorylating CDK1 at threonine 14 (pT14), a 
PKMYT1-specific phosphorylation site, unlike tyrosine 15 (pY15), a 
phosphorylation event catalyzed by WEE1 (13, 30, 39, 40). CDK4/6 
inhibitors suppress the growth of sensitive breast cancer cell growth 
by inducing G1 cell cycle arrest and cellular senescence (55). In ER+ 

breast cancer cells resistant to a CDK4/6i, loss of RB1 or over-
expression of cyclin E, CDK2, and/or CDK6 can cause G1/S 
checkpoint bypass (56–59). In this setting, abrogation of the G2/M 
checkpoint becomes a therapeutic opportunity, since in the absence 
of a G1/S checkpoint, mitotic catastrophe and cell death can be 
induced if cells with unrepaired DNA damage from chemotherapy 
are allowed to enter mitosis (60). Because of the prominent regu-
lation of PKMYT1 in ER+ breast cancer cells, the possibility of 
targeting PKMYT1 to increase chemotherapy sensitivity in the 
setting of combined resistance to both CDK4/6i and ET treatment 
was explored. RP-6306 is a selective and potent small-molecule 
PKMYT1 inhibitor in clinical trials (13). Unlike the WEE1 inhibitor 
AZD1775 (previously named MK1775; ref. 61), RP-6306 selectively 
binds and inhibits PKMYT1 but not WEE1 in various cancer cell 
lines and solid tumors (13). As a first step, T47D Palbo-R and its 
parental cell line were treated with RP-6306 as a single agent, and 
cell viability was measured after 6 days of treatment. T47D Palbo-R 
had a lower IC50 (616 nmol/L) compared to the parental cells (963 
nmol/L), but overall IC50’s were high, indicating low sensitivity 
(Fig. 4A). Importantly, the RP-6306 treatment did not restore the 

sensitivity of T47D Palbo-R cells to palbociclib (Supplementary 
Fig. S11). We next tested how the cell line viabilities would be 
affected by the gemcitabine, a nucleoside analog chemotherapy 
agent given by intravenous infusion to patients with metastatic 
ER+ breast cancer (62), as it was previously shown to synergize 
with RP-6306 in CCNE1-amplified cancer cells (13). Upon expo-
sure to a low dose of the nucleoside analog gemcitabine (1 nmol/ 
L), the IC50 of RP-6306 in T47D Palbo-R significantly decreased by 
approximately five-fold (130 nmol/L), whereas the IC50 of RP- 
6306 in the T47D parental cells remained relatively unaltered (722 
nmol/L; Fig. 4A). Subsequently, cells were treated with a range of 
concentrations of RP-6306 and gemcitabine to generate a data 
matrix for two-drug Loewe synergy scores (24) for synergy and a 
combined viability score for sensitivity. T47D Palbo-R cells dis-
played significantly higher Loewe synergy scores than T47D pa-
rental cells (Fig. 4B). In addition, T47D Palbo-R cells were also 
significantly more sensitive to the drug combination than T47D 
parental cells in terms of cellular viability (Fig. 4C). On the 
contrary, the WEE1 inhibitor AZD1775 and gemcitabine showed 
antagonism at most of the concentration combinations in both 
parental and Palbo-R T47D cells and displayed no significant 
difference in sensitivities between these two cell lines (Supple-
mentary Fig. S12). In addition, 5-FU, the active metabolite of the 
nucleoside analog capecitabine that is commonly given orally to 
metastatic ER+ breast cancer patients (63), also synergized with 
RP-6306 in T47D Palbo-R cells. T47D Palbo-R cells are also more 
sensitive to the 5-FU and RP-6306 combination compared to the 
parental line (Supplementary Fig. S13). 

We further extended these observations to another set of ER+ 

breast cancer cells, MCF7 and its EDR and EDR Palbo-R derivatives 
(20). MCF7 parental cells displayed very little synergy with the 
gemcitabine and RP-6306 combination and demonstrated similar 
viability as compared to MCF7 EDR and MCF7 EDR Palbo-R cells 
(Supplementary Fig. S14). Thus we focused on the comparison be-
tween MCF7 EDR and MCF7 EDR Palbo-R as another pair of 
palbociclib-sensitive and -resistant ER+ cancer cell lines. Unlike T47D 
parental and T47D Palbo-R lines, the combination showed no synergy 
or greater sensitivity in viability in MCF7 EDR Palbo-R versus MCF7 
EDR cells (Fig. 4D and E). A notable difference between T47D cells 
and MCF7 cells is that T47D cells harbor a loss-of-function L194F 
TP53 mutation, whereas MCF7 cells are wild-type (WT) TP53 (64, 
65). p53 is a well-established transcription factor that acts as a tumor 
suppressor by guarding genome integrity by stopping the cell cycle in 
response to genotoxic stress (66). The effects of TP53 knockdown in 
the MCF7 models were therefore tested using lentiviral transduction 
of two different shRNAs targeting TP53 (Supplementary Fig. S15). 
Knocking down TP53 selectively increased the synergy score for the 
drug combinations in MCF7 EDR Palbo-R cells but not in MCF7 
EDR cells (Fig. 4D). Furthermore, knocking down TP53 selectively 
increased the sensitivity to the drug combinations in MCF7 EDR 
Palbo-R cells but not in MCF7 EDR cells (Fig. 4E). In addition, we 

(Continued.) T47D parental and Palbo-R cells, with and without 1 nmol/L gemcitabine cotreatment. B and C, Loewe synergy scores (B) and combination viability 
scores (C) of T47D parental and Palbo-R cells treated with different concentrations of RP-6306 and gemcitabine. D and E, Loewe synergy scores (D) and 
combination viability scores (E) of MCF7 EDR and MCF7 EDR Palbo-R cells stably transduced with lentiviruses expressing nontargeting shRNA (shNC) or two 
different TP53-targeting shRNAs, treated with different concentrations of RP-6306 and gemcitabine. In (A), curves and IC50s were derived by the three- 
parameter log-logistic model. Vertical error bars show the standard errors of the mean of the viabilities. Horizontal error bars show the standard errors of the 
IC50s. In (B and D), P-values were calculated by Wilcoxon signed-rank test, adjusted by the Holms method if more than one comparison was performed. The 
(arrows) display whether the value is higher or lower than the baseline. In (C and E), error bars show the SEM, the approximate P-values were calculated by 
Z-test using the SEM of the model, adjusted by the Holms method if more than one comparison was performed. In all experiments, data were analyzed from 
three independent biological replicates. 
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tested the effect on the drug combination synergy and sensitivity 
when the L194F mutant p53 protein is “rescued” by WT p53 
protein expression in T47D Palbo-R cells. To do this, we first 
knocked-down the L194F p53 using a lentiviral expressed 
shRNA targeting the 30 untranslated region (30 UTR) of the 
p53 mRNA and then re-expressed a FLAG-tagged WT p53 
(lacking the 30 UTR) from a different lentiviral construct 
(Supplementary Fig. S16A). The presence of FLAG-tagged WT 
p53, whose turnover is rapid due to the 26S proteasome (67), 

was confirmed after cells were treated with the proteasome 
inhibitor, bortezomib. Knocking down the mutant p53 and re- 
expressing WT p53 in T47D Palbo-R cells reduced synergy 
with marginal significance (P < 0.11), but significantly re-
duced the sensitivity to the combination treatment (Supple-
mentary Fig. S16B and S16C). In sum, the absence of 
functional p53 in the palbociclib-resistance setting contrib-
utes to the synergy and potency of the RP-6306 and gemci-
tabine combination. 

Figure 5. 
The combination of RP-6306 and 
gemcitabine increases apoptosis 
and activates DNA damage signal-
ing in palbociclib-resistant T47D 
cells. A, The relative abundance of 
dead cells after 3 days drug treat-
ment, measured by a CellTox Green 
assay, is shown relative to the ve-
hicle treatment. Bars show the 
means of individual biological re-
peats indicated by the dots. B, 
Quantification of immunoblotting 
of protein lysates made from cells 
treated with 100 nmol/L RP-6306 
and/or 2 nmol/L gemcitabine for 3 
days. Cleaved PARP1 and caspase 3 
are known markers of apoptosis. 
GAPDH serves as a loading control. 
The figure is a representative im-
age of three independent biological 
replicates. C, Quantification of im-
munoblotting of protein lysates 
made from cells treated with 100 
nmol/L RP-6306 and/or 2 nmol/L 
gemcitabine for 1 day. PKMYT1 
phosphorylation of CDK1 at pT14 
was assayed. DNA damage was 
assayed by induction of phosphor-
ylation of ATR (pY1989) and his-
tone variant H2AX pS139 (also known 
as γH2AX). Total CDK1 and ATR serve 
as normalizing controls of the corre-
sponding phosphorylated proteins, 
while GAPDH serves as a loading 
control. The figure is a representative 
image of four independent biological 
replicates. Supplementary Fig. S18 
shows representative immunoblots 
for quantified data in (B and C). In all 
data panels, P-values were calculated 
by Dunnett’s test (using the vehicle 
as the baseline) within each cell line. 
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Figure 6. 
The combination of RP-6306 and gemcitabine reduces the growth of TP53-mutant, palbociclib-resistant ER+ breast cancer PDX organoids (PDxO) and PDX tumors. 
A, Heatmap depicts the ERα IHC status, PAM50 gene expression, E2 dependence, TP53 mutational status, an RNA-based MGPS, and RB1 and cyclin E1 copy number 
variation, mRNA, and protein levels in our collection of 22 ER+ breast cancer PDXs. PDXs were clustered by hierarchical clustering with one minus Pearson correlation. 
B, Two-week growth assay of four different PDxOs treated with 1 μmol/L palbociclib. Viability was assayed with a Cell Titer Glo 3D assay from three biological replicates. 
C, Two-week growth assay of four different PDxOs after treatment with vehicle, 0.5 nmol/L gemcitabine, 30 nmol/L RP-6306, or the combination of gemcitabine and 
RP-6306. In (B and C), bars show the means of three individual biological repeats indicated by the dots, and P-values of one-way ANOVA and Tukey HSD are reported in 
Supplementary Table S5. D, Tumor volumes of BCM-7441 PDX mice treated with vehicle (n ¼ 8), RP-6306 (n ¼ 8), gemcitabine (n ¼ 7), and the combination of RP-6306 
and gemcitabine (n ¼ 7). Arrows indicate the start and the end of the 5-week treatment. Error bars reflect the standard errors of the mean. P-values were calculated by 
Dunnett’s test (day 11, using the vehicle as the baseline) and t test (days 35 and 56, comparing the gemcitabine vs. combination groups). 
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The combination of RP-6306 and gemcitabine increases DNA 
damage and induces apoptosis in palbociclib-resistant, p53 
loss-of-function cells 

To determine if reduced cell viability in Palbo-R ER+ breast 
cancer cells treated with gemcitabine and RP-6306 was due to an 
increase in cell death, T47D parental and T47D Palbo-R cell lines 
were treated with drug concentrations that yielded the highest 
synergy (2 nmol/L gemcitabine and 100 nmol/L RP-6306). Dead 
cells were labeled with “CellTox” Green dye and quantified at the 
mid-point of the previous viability assay treatment (3 days). In both 
T47D parental and Palbo-R cells, 2 nmol/L gemcitabine or 100 
nmol/L RP-6306 as a single agent did not significantly increase the 
number of dead cells. However, the combination of gemcitabine and 
RP-6306 caused a significant 6-fold increase in the number of dead 
cells in the T47D Palbo-R line, but not in the T47D parental line 
(Fig. 5A; Supplementary Fig. S17). 

To determine whether increased cell death was due to apoptosis, 
protein lysates from the T47D cell line experiment were prepared 
after 3 days of drug treatment to perform immunoblotting for two 
apoptosis markers, cleaved PARP1 (68) and cleaved caspase-3 (69). 
The combination treatment promoted the highest levels of these 
apoptosis markers in T47D Palbo-R (Fig. 5B; Supplementary Fig. 
S18A). To capture earlier molecular events, we characterized cell 
lysates after 1 day of treatment by immunoblotting. Importantly, 2 
nmol/L of gemcitabine increased CDK1 pT14, a phospho-site whose 
only known kinase is PKMYT1 (13, 30, 39, 40), specifically in T47D 
Palbo-R cells, suggesting that gemcitabine induces PKMYT1 activ-
ity. As expected, CDK1 pT14 is repressed by the addition of RP- 
6306 (Fig. 5C; Supplementary Fig. S18B). These data support the 
conclusion that the PKMYT1-regulated G2/M checkpoint plays a 
critical role in ER+ cells under replication stress induced by gem-
citabine (70). When the gemcitabine-induced activation of 
PKMYT1 is reduced by RP-6306, the cells no longer adequately 
regulate the timing of the DNA damage repair and entry into mi-
tosis, and a DNA damage signal is triggered [as assayed by γH2AX 
and ATR pY1989 (71, 72)] (Fig. 5C; Supplementary Fig. S18B), 
followed by apoptosis. 

RP-6306 and gemcitabine reduce tumor growth in 
palbociclib-resistant, p53 mutant PDxOs and PDX tumors in 
vivo 

The loss of RB1 and the upregulation of cyclin E1 (encoded by 
the CCNE1 gene) are established molecular markers for CDK4/6i 
resistance in ER+ breast cancer (56–59). To select preclinical ther-
apeutic models, proteogenomic analysis of 22 ER+ breast cancer 
PDXs was performed focused on RB1, CCNE1, an RNA-based 
MGPS (4) and TP53 mutational status (Fig. 6A). Of the 22 PDX 
models, the E2-independent model, BCM-7441 was selected because 
of the presence of a missense loss-of-function TP53 mutation in the 
DNA binding domain of p53 (R248Q) as well as membership in a 
cluster of PDX models with the lowest RB1 levels and highest cyclin 
E1 expression (Fig. 6A). Interestingly, although BCM-7441 is ER+ 

based on IHC, it was classified as a basal-like subtype tumor by 
PAM50 profiling (38). In contrast, the E2-independent Luminal B 
PDX WHIM43 is a WT TP53 model that is resistant to palbociclib 
(73), while the E2-independent Luminal B PDX WHIM16 is a TP53 
mutant (R116W) model sensitive to palbociclib. The Luminal B 
palbociclib-sensitive WHIM18 PDX is an E2-independent, WT 
TP53 PDX model that is endocrine therapy-resistant due to ex-
pression of an ESR1-YAP1 fusion protein (22). We further con-
firmed palbociclib sensitivities of four above-mentioned models in 

PDX-derived organoids (PDxOs) treated with 1 μmol/L of palbo-
ciclib (Fig. 6B; P-values given in Supplementary Table S5). BCM- 
7441 PDxOs were subsequently treated with RP-6306 and gemci-
tabine at the single-agent concentration that gives an approximate 
30% growth inhibition (0.5 nmol/L gemcitabine; 30 nmol/L RP- 
6306) in earlier cell line experiments. The combination of the two 
drugs significantly reduced viability compared to single-agent 
treatments (Fig. 6C; P-values given in Supplementary Table S5). 
In contrast, the effect of combination treatments on the three other 
PDxOs viability revealed no further reduction versus single agents 
(Fig. 6C). Both WHIM18 and WHIM16 PDxOs were much more 
resistant to RP-6306 than BCM-7441 PDxOs. WHIM43 demon-
strated a strong response to single-agent gemcitabine, yet the effect 
of RP-6306 was minimal either as a single agent or as a combination 
treatment. Together, the results support the concept that the pres-
ence of a TP53 mutation along with palbociclib resistance could be 
considered as a selection marker for a potential synergistic RP-6306 
and gemcitabine combined treatment. 

To confirm the palbociclib resistance of BCM-7441 in vivo, we 
treated BCM-7441 tumor-bearing mice with vehicle or palbociclib- 
containing chow at a dose that suppresses the growth of WHIM18 
PDX tumors (70 mg/kg; ref. 22). BCM-7441 PDX tumors were in-
deed resistant to the palbociclib treatment (Supplementary Fig. 
S19A). We confirmed that palbociclib was adequately delivered to 
these mice, as palbociclib-treated mice displayed reduced RB1 
phosphorylation in protein lysates made from liver tissue (Supple-
mentary Fig. S19B). 

To further validate the RP-6306 and gemcitabine combination 
sensitivity in vivo, BCM-7441 tumor-bearing mice were treated with 
vehicle control, 300 ppm of RP-6306 in chow, weekly intraperito-
neal injection of 20 mg/kg gemcitabine, and the combination of RP- 
6306 and gemcitabine for 5 weeks (Fig. 6D). Little effect was ob-
served in the RP-6306 treated group. On day 11, some mice in the 
vehicle group (n ¼ 2) and RP-6306 treated group (n ¼ 3) dropped 
out of the study due to tumors reaching maximum volume 
(1,500 mm3). At this time point, a difference in tumor volume was 
observed between the vehicle group and the combination group at 
the margin of statistical significance (P ¼ 0.062). As the treatment 
continued, both gemcitabine and the combination of RP-6306 and 
gemcitabine reduced the tumor volume, but the combination had a 
greater longer term effect on tumor size reduction. At the end of the 
5-week treatment, the combination-treated tumors were signifi-
cantly smaller than the gemcitabine-treated tumors. At the end-
point, blood was collected and RP-6306 circulating plasma levels 
were measured. We observed an average RP-6036–free plasma 
concentration of 54 nmol/L in the RP-6306–exposed animals 
(Supplementary Table S6), which was in the same concentration 
range required for achieving synergy with gemcitabine in cell lines 
and PDxOs. In the combination-treated group, five out of seven 
tumor sizes were reduced to a size too small to be measured by 
caliper (smaller than 3 mm in diameter), whereas none of the seven 
tumors in the gemcitabine group were reduced to that extent. The 
gemcitabine and the combination groups continued to be observed 
after treatment cessation, with combination-treated tumor regrowth 
lagging behind those treated with gemcitabine alone (Fig. 6D; 
Supplementary Fig. S19C). The animals in the combination treat-
ment group experienced an approximate 10% body weight loss 
during the treatment period, however, the body weight recovered 
1 week after treatment cessation (Supplementary Fig. S19D). Thus, 
our preclinical PDxO and PDX experiments validate the above cell 
line data and suggest that the RP-6306 and gemcitabine drug 
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combination warrants further clinical consideration for the treat-
ment of ER+ breast cancers with TP53 mutation and clinical CDK4/ 
6 inhibitor and ET resistance. 

Discussion 
In this study, correlations between PKMYT1 mRNA and pro-

tein levels with poor prognosis, endocrine therapy, and CDK4/6i 
resistance in both clinical samples and in multiple preclinical 
models prompted experiments that demonstrated that PKMYT1 
inhibition is a therapeutic vulnerability in ET and CDK4/6i re-
sistant, TP53 mutant ER+ breast cancer in combination with 
gemcitabine. Previously, Gallo and colleagues presented RP-6306 
as a single treatment or a part of the combination treatment with 
gemcitabine for multiple cancer types with CCNE1 amplification 
as a predictive biomarker (13), including HCC1569, an ER�

HER2+ breast cancer cell line (74). However, the data described 
herein are distinct because of the specific focus on PKMYT1 in the 
ER+ HER2� setting. 

Mechanistically, the importance of PKMYT1 in the regulation of 
the G2/M checkpoint in ER+ breast cancer cells has been under-
studied. Herein we demonstrate that the level of PKMYT1 in ER+ 

breast cancer is regulated by both ERα and E2F family members. 
While the E2F family plays critical roles in essentially all cancer 
types, the regulation of PKMYT1 by ERα suggests a specific func-
tional role in the ER+ breast cancer cell cycle. E2 has been reported 
to induce DNA replication stress (75, 76), which may be mutagenic, 
likely demanding an additional G2/M checkpoint control beyond 
that provided by WEE1. In addition, there is a PKMYT1-regulated 
phosphorylation site in CDK1 that is not regulated by WEE1, 
suggesting a specific, albeit underexplored PKMYT1-dependent 
regulatory step at G2/M in ER+ breast cancer cells. As p53 regulates 
all stages of the cell cycle (77), the absence of functional p53 causes a 
dysregulated cell cycle and poor clinical outcomes in ER+ breast 
cancer (78, 79). Here we show that the loss of p53 in CDK4/6i- 
resistant breast cancer causes tumor cells to be more vulnerable to 
PKMYT1 inhibition. Together, PKMYT1 is a selective vulnerability 
in ER+ breast tumors with absent functional p53 and in the presence 
of CDK4/6i resistance. Importantly, WEE1 inhibition in combina-
tion with chemotherapy is toxic, with clinical trials often terminated 
because of grade 4 and 5 events (80, 81). Given that PKMYT1 is E2- 
regulated in ER+ lineages, unlike WEE1, this setting may represent a 
cleaner setting from the therapeutic ratio perspective. 

In terms of the populations in whom PKMYT1 inhibition should 
be considered, the T47D and MCF7 data herein suggest that cyclin E 
overexpression may not be the only predictive biomarker for the 
efficacy of RP-6306 and gemcitabine combination (13). T47D Palbo- 
R cells’ response suggests that CDK4/6i resistance that is not me-
diated by cyclin E overexpression can also expose vulnerability to 
PKMYT1 inhibition and gemcitabine. MCF7 data suggest that 
mutant TP53 status should also be taken into consideration as an 
eligibility or stratification factor. Although TP53 alterations are less 
common in primary ER+ breast tumors compared to other breast 
cancer subtypes, they are enriched in CDK4/6i-resistant metastatic 
ER+ breast cancer (57, 82), with a frequency up to 58.5% (57). While 
the enrollment of patients with advanced disease treatment will be 
the necessary first step in explorations of gemcitabine (or potentially 
capecitabine given our cell line 5-FU data) and PKMYT1 inhibition 
in ER+ breast cancer, neoadjuvant data with anastrozole and pal-
bociclib illustrated herein suggest that there is also a poor prognosis 
early-stage population that could be targeted with this treatment. In 

this setting, eligible cases could be identified through TP53 mutation 
and evidence for functional ET- and CDK4/6i-resistance based on 
persistent Ki67 expression despite treatment. 

While the focus of this study was to address whether PKMYT1 
may represent a response marker for CDK4/6i response and a 
therapeutic strategy in combination with gemcitabine for CDK4/6i 
resistance in ER+ breast cancer, the finding that RP-6306 and 
gemcitabine combination is effective against CDK4/6i-resistance 
with TP53 mutation infers that this combination may also be ef-
fective in other breast cancer subtypes displaying similar charac-
teristics. Namely, TNBC tumors often display low RB1 and high 
Cyclin E1, with TP53 loss-of-function mutations (83). Consistent 
with this hypothesis, two groups have reported that, in TNBC pa-
tients, high expression of PKMYT1 correlates with poor prognosis 
(37, 84). Furthermore, the knockdown of PKMYT1 in TNBC lines 
revealed a significant reduction in cell proliferation, colony forma-
tion, cell migration and cell invasion, epithelial–mesenchymal 
transition, and Notch signaling, with an increase in apoptosis (84, 
85). Future studies are clearly needed to test the efficacy of PKMYT1 
inhibition in reducing the growth of TNBC tumors with TP53 
mutations and G1/S checkpoint dysregulation by mechanisms such 
as cyclin E1 overexpression. 

In conclusion, this study illustrates the expanding toolbox of 
techniques that can be deployed to identify novel approaches to 
treatment-resistant ER+ breast cancer. These include proteogenomic 
analysis, targeted proteomic techniques focused on therapeutic 
target discovery including KIPA, and samples from neoadjuvant ET 
and CDK4/6i treatments to expose resistance patterns and mecha-
nisms. An expanding set of ER+ PDX models that reflect the ex-
treme diversity of clinical phenotypes and genotypes in ER+ breast 
cancer is also proving increasingly useful. The combined and inte-
grated use of these tools to successfully expose new therapeutic 
liabilities is illustrated by the PKMYT1 findings outlined herein. 
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