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Abstract 
 
 Despite the fact that ~70% of bladder cancers are non-invasive and have high 
recurrence rates, early stage disease is understudied. The relative lack of models to 
validate the contribution of molecular drivers of bladder tumorigenesis is a significant 
issue. While mutations in PIK3CA are frequent in human bladder cancer, an in vivo 
model for understanding their contribution to bladder tumorigenesis is unavailable. 
Therefore, a Upk2-Cre/Pik3caH1047R mouse model expressing one or two R26-
Pik3caH1047R alleles in a urothelium-specific manner was created. Pik3caH1047R 
functionality was confirmed by quantifying Akt phosphorylation and mice were 
characterized by assessing urothelial thickness, nuclear atypia, and expression of 
luminal and basal markers at 6 and 12 months of age. At 6 months, Pik3caH1047R mice 
developed increased urothelial thickness and nuclear atypia, however, at 12 months, 
Pik3caH1047R mice did not exhibit progressive disease. Immunohistochemistry shows 
urothelium maintained luminal differentiation characterized by high Foxa1 and Pparγ 
expression. In addition, mice were subjected to low-dose carcinogen exposure (N-Butyl-
N-(4-hydroxybutyl)nitrosamine (BBN)). Surprisingly, Pik3caH1047R mice exhibited no 
significant differences after exposure relative to mice without exposure. Furthermore, 
ssGSEA analysis of invasive human tumors showed those with mutant PIK3CA do not 
exhibit significantly increased PI3K/AKT pathway activity compared to wildtype PIK3CA 
tumors. Overall, these data suggest that Pik3caH1047R can elicit early tumorigenic 
changes in the urothelium, but progression to invasion may require additional genetic 
alterations.  
 
Introduction 
 
 An estimated ~570,000 new cases of bladder cancer (BC) are diagnosed 
worldwide every year, with about 82,000 new cases and 17,000 deaths occurring in the 
United States.1, 2 Clinically, BC is classified as non-muscle invasive or muscle invasive 
disease and this distinction is useful in determining if aggressive treatment is 
warranted.3 However, classifying BC as non-invasive or invasive can help to distinguish 
the unique biological characteristics of each as distinct entities and therefore identify 
appropriate therapies.3-5 Approximately 70% of newly diagnosed BC cases are non-
invasive BC which include papillary tumors (stage Ta) and carcinoma in situ (CIS).4, 6 In 
addition to comprising the majority of diagnoses, non-invasive BC also has a high 
recurrence rate (up to 70%) which requires long term monitoring and treatment.7 The 
high recurrence rate therefore is a major contributing factor to the high cost of BC 
treatment, making BC one of the most costly cancers to manage.8  

Despite the challenges of clinically managing non-invasive BC, most research is 
focused on invasive disease. One reason for this is that the availability of models for the 
study of early stage disease is limited. Establishment of early stage models of BC is 
vital to furthering our understanding of events leading to tumor initiation and 
progression, and will offer in vivo platforms for the development of novel treatments, 
while additionally broadening the scope of BC research to increase focus on non-
invasive disease. Currently, transgenic and conditional/tissue-specific knockout mouse 
models provide platforms to test the contribution of genetic alterations (e.g., somatic 
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mutation and DNA copy number loss) to tumor development and progression. However, 
additional clinically relevant models of early stage BC are required.  

The phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha 
(PIK3CA) gene encodes the p110α catalytic subunit of phosphoinositide-3-kinase 
(PI3K). Signal transduction following activation of the PI3K/AKT pathway plays an 
important role in normal cell biology and pathologic states.9, 10 While PTEN deletion is 
common in invasive BC and cooperates with other common genetic alterations in 
advanced disease,11-14 mutations in PIK3CA are more frequently detected and have 
been identified across all BC stages. In fact, mutations have been found in 20-30% of 
BC independent of stage, indicating these mutations are an early event.11, 15-17 While 
many activating mutations in PIK3CA have been detected in BC, an in vivo model of 
activating Pik3ca mutations in BC does not exist. Of the most common activating 
mutations, H1047R is currently available to study in a commercial mouse model. 
Therefore, we utilized this strain for the creation of a novel mouse model of BC driven 
by Pik3ca mutation.  
 
Materials and Methods 
 
Mouse breeding, genotyping, and experiments 

All animal experiments were performed in accordance with and following 
approval of the Institutional Animal Care and Use Committee (IACUC) at Pennsylvania 
State University College of Medicine. To generate mice with urothelium-specific 
expression of one or two mouse Pik3caH1047R mutant alleles, commercially available 
R26-Pik3caH1047R mice (stock 016977; The Jackson Laboratory; Bar Harbor, ME) were 
bred with previously described Upk2-Cre mice which express Cre recombinase in a 
urothelium-specific manner.18, 19 This breeding strategy resulted in the development of 
male and female mice with one (Upk2-Cre/Pik3caH1047R+/-) or two (Upk2-
Cre/Pik3caH1047R+/+) alleles of mouse mutant Pik3ca plus genetic control mice (no Cre 
and/or R26-Pik3caH1047R alleles).  

All mice were genotyped by PCR analysis using the following primers: Upk2-Cre 
Forward - 5'-CGTACTGACGGTGGGAGAAT-3'; Upk2-Cre Reverse - 5'- 
TGCATGATCTCCGGTATTGA-3'; R26-Pik3caH1047R Common (oIMR8545, The Jackson 
Laboratory) - 5'-AAAGTCGCTCTGAGTTGTTAT-3'; R26-Pik3caH1047R Mutant Reverse 
(oIMR8052, The Jackson Laboratory) - GCGAAGAGTTTGTCCTCAACC; R26-
Pik3caH1047R Reverse (oIMR8546, The Jackson Laboratory) - 5'-
GGAGCGGGAGAAATGGATATG-3'. The presence of Upk2-Cre was indicated by a 
single band at ~350 bp. Wildtype and mutant R26-Pik3caH1047R mouse alleles were 
indicated by bands present at ~650 bp and 340 bp, respectively.  

For experiments, one cohort of mice consisting of genetic control and Upk2-
Cre/Pik3caH1047R mice with one and two mutant alleles was aged for 6 or 12 months (n = 
56) while another cohort consisting of genetic control and Upk2-Cre/Pik3caH1047R mice 
with 2 mutant alleles was aged for 6 months and then exposed to the carcinogen N-
Butyl-N-(4-hydroxybutyl)nitrosamine (BBN; B0938; TCI America; Portland, OR) in their 
drinking water at a sub-carcinogenic concentration of 0.01% for 10 weeks (n = 25). BBN 
water was changed twice weekly during the 10-week period. Mice were then euthanized 
for bladder collection. 
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Immunohistochemistry 
 Dissected bladders were fixed in 10% formalin, processed, and embedded in 
paraffin using standard procedures. Five micron sections were cut for H&E and 
immunohistochemical staining. Immunohistochemistry (IHC) was performed as 
previously described.20 Slides were deparaffinized, rehydrated through graded ethanol, 
then washed in distilled water. Antigen retrieval was performed using 1% antigen 
unmasking solution (H-3300; Vector Laboratories; Burlingame, CA) and heating slides 
in a pressure cooker (CPC-600; Cuisinart; Stamford, CT) for 20 minutes at high 
pressure. Then pressure was released in short bursts to prevent boiling and preserve 
tissue integrity. Slides were cooled to room temperature (RT) and washed 3 times for 10 
minutes in phosphate-buffered saline (PBS; pH 7.4). The subsequent incubations were 
performed at RT unless otherwise noted. Endogenous peroxidases were blocked using 
1% hydrogen peroxide in methanol for 20 minutes and slides were washed again in 
PBS. Sections were blocked using horse serum (S-2000; Vector Laboratories) diluted in 
PBS for 1 hour to reduce nonspecific antibody binding and then incubated with primary 
antibody at 4 °C overnight. Primary antibodies used include rabbit anti-phospho-Akt 
(S473) (1:200; 4060; Cell Signaling Technology; Danvers, MA), rabbit anti-phospho-Akt 
(T308) (1:200; 13038; Cell Signaling Technology), goat anti-Foxa1 (1:1000; sc-6553; 
Santa Cruz Biotechnology; Dallas, TX), rabbit anti-Pparγ (1:200; 2430; Cell Signaling 
Technology), mouse anti-Krt5/6 (1:200; M7237; Agilent; Santa Clara, CA), and mouse 
anti-Krt14 (1:200; NCL-L-LL002; Leica Biosystems; Buffalo Grove, IL). Following 
overnight incubation, slides were washed in PBS and incubated in biotinylated 
secondary antibody (1:200) diluted in PBS containing horse serum for 1 hour. 
Secondary antibodies used include anti-rabbit and anti-goat antibodies (BA-1000 and 
BA-9500; Vector Laboratories). Specific antibody binding was visualized using the 
Vectastain Elite ABC Peroxidase kit (PK-6100; Vector Laboratories) according to 
manufacturer’s protocol with diaminobenzidine (DAB; K346811-2; Agilent) as the 
chromogen. Sections were then counterstained with hematoxylin and mounted with 
Cytoseal (8310-4; Thermo Fisher Scientific; Waltham, MA). This procedure was 
modified for mouse primary antibodies for use with the Mouse on Mouse 
Immunodetection Kit (BMK-2202; Vector Laboratories) according to manufacturer’s 
protocol. It should also be noted that for phospho-Akt antibodies, Tris-buffered saline 
with Tween (TBST) and TBS were used for washes and diluent, respectively, in place of 
PBS throughout the procedure.  
 
Urothelial thickness and histological scoring 
 Urothelial thickness was measured using cellSens Entry 1.13 imaging software 
(Olympus, Center Valley, PA) on H&E sections. Five measurements of the urothelium 
were taken and averaged per bladder then graphed using GraphPad Prism (Version 9, 
San Diego, CA). Statistical significance of urothelial thickness for 6- and 12-month aging 
mouse groups was determined via application of Tukey’s multiple comparisons tests 
using GraphPad Prism. Statistical significance of urothelial thickness for the comparison 
of 6-month-old mice with and without BBN exposure was determined by applying two-
way ANOVA tests both with and without interaction using R 4.2.0 (The R Foundation, 
Vienna, Austria).21 All tissues were examined by a dedicated genitourinary pathologist 
(JIW) in a blinded manner. For nuclear atypia, a score of 0-2 was assigned to describe 
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the extent of atypia observed with 0 meaning no atypia, 1 meaning patchy atypia, and 2 
meaning extensive atypia seen throughout the urothelium. For phosphorylated Akt (p-
Akt) IHC stains, expression levels were scored by calculating the H-score. The H-score 
was determined by multiplying percentage of positive cells x intensity of staining (0-3).  
Box plots were generated and Kruskal–Wallis tests were applied to compare the H-
scores of p-Akt across mouse groups (controls, one mutant Pik3ca allele, and two 
mutant Pik3ca alleles) using R 4.2.0.21  
 
Graphical representation of mutations and ssGSEA analysis of TCGA data 

Gene-level RNA sequencing read counts for the TCGA BC cohort (TCGA-BLCA) 
were downloaded from the Genomic Data Commons.22 After restricting to protein-
coding genes, the edgeR R package was applied to compute gene-level log counts-per-
million reads mapped (CPM) values.23-25  With the log CPM values as input, the GSVA 
R package was used to calculate single sample gene set enrichment analysis (ssGSEA) 
scores based on the Hallmark PI3K/AKT/MTOR gene set that represent 
PI3K/AKT/MTOR pathway activity levels in each sample.26 For follow-up ssGSEA 
analysis, missense hotspot mutations recognized as oncogenic within other genes of 
the PI3K/AKT pathway were identified within TCGA dataset using cBioPortal 
(www.cbioportal.org, date of last access: 10/25/2022) and samples with these mutations 
were removed.27, 28 Such mutations were identified in the following genes: FGFR3, 
ERBB2, ERBB3, HRAS, NRAS, PTEN, and AKT1. Kruskal–Wallis and Wilcoxon rank 
sum tests were applied to compare the ssGSEA scores across groups of interest 
(normal tissue, PIK3CA wildtype tumors, and PIK3CA mutant tumors). A lollipop plot 
displaying the locations of PIK3CA mutations in the TCGA BC cohort was created using 
the maftools R package and gene mutation information in the combined multicenter 
MAF.29, 30 These analyses were performed using R 4.2.0.21 
 
Results 
 
Upk2-Cre/Pik3caH1047R mice express increased levels of nuclear p-Akt 
 The development of a novel mouse model of early urothelial tumorigenesis was 
initiated by crossing a previously described Upk2-Cre mouse line with a commercially 
available R26-Pik3caH1047R mouse line.18, 19 This resulted in a new strain of Upk2-
Cre/Pik3caH1047R mice which constitutively express one or two alleles of Pik3caH1047R in 
a urothelium-specific manner (Figure 1A). Cre is expressed in the luminal and 
intermediate cells allowing for the stop codon (flanked by loxp sites) preceding the 
Pik3ca mutant gene to be excised, resulting in expression of Pik3caH1047R.  

The functionality of Pik3caH1047R expression was confirmed by assessing 
PI3K/AKT pathway activation. Phosphorylated levels of Akt (p-Akt) were determined by 
scoring IHC staining of amino acid residues T308 and S473 (Figure 1B-H). Both 
cytoplasmic and nuclear staining were assessed. Most notably, nuclear staining of S473 
was significantly increased in the mutant mice compared to controls at 6 and 12 months 
of age (p = 5.26e-4 and p = 3.39e-4, respectively; Kruskal–Wallis). While significant 
increases in cytoplasmic T308 or S473 staining were not observed, it is interesting that 
cytoplasmic T308 staining was observed in umbrella and intermediate cells in which the  
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Figure 1. Pik3caH1047R functionality is confirmed by increased phosphorylation of Akt in mutant mice. 
(A) A schematic detailing the breeding strategy used in the creation of Upk2-Cre/Pik3caH1047R mice. 
Previously described Upk2-Cre mice were crossed with commercially available R26-Pik3caH1047R mice to 
obtain a novel Upk2-Cre/Pik3caH1047R mouse model expressing one or two alleles of R26-Pik3caH1047R 

specifically in the urothelium. (B) Immunohistochemical staining of p-Akt (T308 and S473) in Upk2-
Cre/Pik3caH1047R mouse urothelium. Examples of cytoplasmic T308 staining of luminal cells as well as 
nuclear S473 staining are indicated by arrows. Scale bar = 20 µm. (C-H) Quantification of p-Akt (T308 and 
S473) IHC staining of Upk2-Cre/Pik3caH1047R mice. For the 6-month-old age group: control n = 12, 1 allele 
n = 12, and 2 allele n = 4. For the 12-month-old age group: control n = 8, 1 allele n = 13, and 2 allele n = 5. 
(C) Cytoplasmic T308 staining of 6-month-old mice (p = 0.0359; Kruskal–Wallis). (D) Cytoplasmic T308 
staining of 12-month-old mice (p = 0.9350; Kruskal–Wallis). (E) Cytoplasmic S473 staining of 6-month-old 
mice (p = 0.506; Kruskal–Wallis). (F) Nuclear S473 staining of 6-month-old mice (p = 0.000526; Kruskal–
Wallis). (G) Cytoplasmic S473 staining of 12-month-old mice (p = 0.0989; Kruskal–Wallis). (H) Nuclear 
S473 staining of 12-month-old mice (p = 0.000339; Kruskal–Wallis). Annotations: C - control, 1 - 1 allele, 2 
- 2 alleles. 
 
Upk2 promoter driving Cre is active (examples shown with arrows). Nuclear staining of 
T308 was not observed. Overall, this data confirms that expression of Pik3caH1047R 
activates downstream signaling in vivo.  
 
Expression of Pik3caH1047R in urothelial cells results in hyperplasia and nuclear 
atypia 

Morphologic analysis showed 6- and 12-month-old mice with one or two alleles of 
Pik3caH1047R developed urothelial hyperplasia, as indicated by increased urothelial 
thickness (Figure 2A). To quantify the extent of hyperplasia in the Upk2-
Cre/Pik3caH1047R mice, urothelial thickness (µm) was measured at 6 and 12 months of 
age (Figure 2B). At 6 months, urothelial thickness was significantly increased in mice 
with one and two alleles of Pik3caH1047R compared to controls (p-value = 1.0e-4 and < 
1.0e-4, respectively; Tukey’s multiple comparisons). At 12 months of age, urothelial 
thickness was also significantly increased in mice with one and two alleles of 
Pik3caH1047R compared to controls (p-value < 1.0e-4 and = 5.0e-4, respectively; Tukey’s 
multiple comparisons). Urothelial thickness was progressive, with mutant mice 
developing thicker urothelium at 12 months of age. 
 Nuclear atypia was also observed in Upk2-Cre/Pik3caH1047R mice (Figure 2C). To 
quantify nuclear atypia, a score of 0-2 was assigned to describe the extent of atypia 
observed (0 = no atypia; 1 = patchy atypia; and 2 = extensive atypia seen throughout 
the urothelium). At 6 months of age, atypia was clearly increased in mice with one and 
two alleles of Pik3caH1047R compared to controls. Atypia was also increased in mice at 
12 months of age with one and two alleles of Pik3caH1047R compared to controls. 
Notably, atypia was observed largely within the luminal and intermediate layers of the 
urothelium which were targeted by the Upk2 promoter driving Cre, coinciding with p-Akt 
described in Figure 1. 
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Figure 2. Upk2-Cre/Pik3caH1047R mice exhibit increased urothelial thickness and nuclear atypia. (A) 
Representative H&E images of control and Upk2-Cre/Pik3caH1047R mice with one or two alleles of mutant 
Pik3ca aged for 6 and 12 months. Upk2-Cre/Pik3caH1047R mice develop thicker urothelium after 6 and 12 
months of aging. The thickness of the urothelium is indicated using arrows. Scale bar = 20 µm. (B) Dot 
plots illustrating urothelial thickness (µm) of Upk2-Cre/Pik3caH1047R mice at 6 and 12 months of age. At 6 
months, urothelial thickness is significantly increased in mice with one (n = 12) and two (n = 4) alleles of 
Pik3caH1047R compared to controls (n = 13) (p-value = 0.0001 and < 0.0001, respectively; Tukey’s multiple 
comparisons). Urothelial thickness is also significantly increased in mice aged 12 months with one (n = 13) 
and two (n = 6) alleles of Pik3caH1047R compared to control mice (n = 8) (p-value < 0.0001 and = 0.0005, 
respectively; Tukey’s multiple comparisons). Error bars show mean with standard deviation. Annotations: 
*** - p-value ≤ 0.001, **** - p-value ≤ 0.0001, ns - not significant. (C) Tables summarizing the nuclear atypia 
scores of Upk2-Cre/Pik3caH1047R mice at 6 and 12 months of age. At 6 months, atypia is increased in mice 
with one (n = 12) and two (n = 4) alleles of Pik3caH1047R compared to control (n = 13). Atypia is also increased 
in mice aged 12 months with one (n = 13) and two (n = 6) alleles of Pik3caH1047R compared to control mice 
(n = 8).  
 
The urothelium of Upk2-Cre/Pik3caH1047R mice exhibits high expression of luminal 
differentiation markers 
 To determine whether the Upk2-Cre/Pik3caH1047R mouse model exhibited a 
luminal or basal profile, a set of luminal (Foxa1 and Pparγ) and basal (Krt5/6 and Krt14) 
differentiation markers was utilized for IHC analysis (Figure 3). Overall, mice with one 
and two alleles of Pik3caH1047R maintained a high level of Foxa1 and Pparγ expression 
similar to urothelium of genetic controls at 6 and 12 months of age. Also, like genetic 
control urothelium, mutant mice expressed low levels of Krt5/6 and Krt14. These 
observations suggest Upk2-Cre/Pik3caH1047R mice retained a luminal expression profile 
similar to that observed in human early stage BC. 
  
Upk2-Cre/Pik3caH1047R mice do not exhibit enhanced susceptibility to the 
carcinogen BBN 
 In order to determine the impact of Pik3caH1047R expression on sensitivity to a 
bladder-specific carcinogen, 6-month-old control and Upk2-Cre/Pik3caH1047R+/+ mutant 
mice were exposed to a sub-carcinogenic concentration of BBN (0.01% via drinking 
water for 10 weeks). Mutant mice exposed to BBN showed thicker urothelium compared 
to control mice exposed to BBN (Figure 4A). In order to separately assess the effects of 
Pik3caH1047R mutations and BBN treatment, quantitative measurements of urothelial 
thickness were plotted for control and mutant mice, both with and without BBN 
treatment (Figure 4B). A two-way ANOVA model with interaction was fit using factors for 
Pik3caH1047R mutations and BBN treatment. The interaction term was not significant (p = 
0.3941), suggesting that the effect of BBN treatment is similar in control and mutant 
mice. The two-way ANOVA model was then re-fit without the interaction term. The 
marginal test of equality for BBN was not statistically significant (p = 0.2097), suggesting 
that BBN treatment did not alter urothelial thickness after controlling for the effect of 
Pik3caH1047R mutations. However, the corresponding marginal test for Pik3caH1047R 
mutations was highly significant (p = 2.024e-6). Clear differences in nuclear atypia were 
also not detected (Figure 4C). Additionally, IHC staining for Foxa1, Pparγ, Krt5/6, and 
Krt14 was again conducted and showed mutant mice maintain similar patterns of the 
luminal and basal markers compared to controls following exposure to BBN (Figure 5). 
These results indicate Upk2-Cre/Pik3caH1047R+/+ mice did not exhibit increased sensitivity 
to a sub-carcinogenic concentration of BBN. 
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Figure 3. Luminal differentiation markers Foxa1 and Pparγ are highly expressed in Upk2-
Cre/Pik3caH1047R mouse urothelium. Immunohistochemical staining of luminal (Foxa1 and Pparγ) and 
basal (Krt5/6 and Krt14) markers of urothelial differentiation in Upk2-Cre/Pik3caH1047R mice aged 6 and 12 
months. High expression of luminal markers Foxa1 and Pparγ is maintained in the urothelium of mice with 
one and two alleles of Pik3caH1047R. In addition, basal markers Krt5/6 and Krt14 remain low in expression. 
Scale bar = 20 µm. 
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Figure 4. Upk2-Cre/Pik3caH1047R mice do not show significant differences in susceptibility to BBN. 
Six-month-old control and mutant mice with two alleles of Pik3caH1047R were given 0.01% BBN in their 
drinking water for 10 weeks. These mice were then compared to the 6-month-old mice previously assessed 
which were not exposed to BBN. (A) H&E staining shows slightly thicker urothelium of mutant mice with 
similar morphology to controls after exposure to BBN. Scale bar = 20 µm. (B) Urothelial thickness (µm) 
measurements show no significant difference driven by Pik3ca mutation in combination with BBN exposure 
(p = 0.3941; two-way ANOVA with interaction). The two-way ANOVA model was then re-fit without the 
interaction term. The marginal test for BBN is not significant (p = 0.2097), however, the marginal test for 
Pik3caH1047R mutations is highly significant (p = 2.024e-6). The numbers of mice per group are as follows: 
control n = 13, control + BBN n = 16, 2 alleles n = 4, and 2 alleles + BBN n = 9. Error bars show mean with 
standard deviation. (C) Clear differences in nuclear atypia are not observed following exposure to BBN. 
The numbers of mice per group are as follows: control n = 13, control + BBN n = 15, 2 alleles n = 4, and 2 
alleles + BBN n = 9. 
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Figure 5. Mutant Pik3ca mice maintain similar expression of luminal and basal markers compared 
to control mice following exposure to BBN. Immunohistochemical staining of luminal (Foxa1 and Pparγ) 
and basal (Krt5/6 and Krt14) differentiation markers. Mice carrying two alleles of mutant Pik3ca exhibit 
similar expression patterns compared to control mice with high Foxa1 and Pparγ expression, and Krt5/6 
and Krt14 expression limited to the basal cells. Scale bar = 20 µm. 
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and illustrates E542K, E545K, and H1047R are the three most common mutations 
(E542K n = 18, E545K n = 28, and H1047R n = 6) (Figure 6A). ssGSEA analysis was 
then performed to determine the impact of mutant PIK3CA on PI3K/AKT/MTOR 
pathway activation. Tumors with mutant PIK3CA, tumors with wildtype PIK3CA, and 
normal tissue samples were compared (p-value = 0.0158; Kruskal–Wallis) (Figure 6B). 
Follow-up Wilcoxon rank sum pairwise tests showed the scores of tumors with wildtype 
PIK3CA were similar to those of normal tissue (Normal vs. PIK3CA WT p = 0.29). 
However, the scores of tumors with mutant PIK3CA were significantly higher than those 
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of tumors with wildtype PIK3CA and normal tissue (PIK3CA WT vs. PIK3CA MUT p = 
0.011 and Normal vs. PIK3CA MUT p = 0.030). Additionally, tumors with E542K, 
E545K, and H1047R mutations were highlighted for visual comparison and appear to 
have similar pathway activation levels to each other. Further ssGSEA analysis was then 
conducted on a restricted sample set in which samples that harbored oncogenic hotspot 
mutations within other genes of the pathway (FGFR3, ERBB2, ERBB3, HRAS, NRAS, 
PTEN, and AKT1) were removed (Figure 6C). In this analysis, no significant differences 
were observed among the groups (p = 0.211; Kruskal–Wallis) and Wilcoxon rank sum p-
values were as follows: Normal vs. PIK3CA WT p = 0.312, Normal vs. PIK3CA MUT p = 
0.110, and PIK3CA WT vs. PIK3CA MUT p = 0.189. Tumors with E542K, E545K, and 
H1047R mutations were again highlighted for comparison and pathway activation levels 
remained comparable to each other. Overall, these data suggest that PIK3CA mutations 
do not have significant influence on pathway activation in invasive BC.  
 
Discussion 
 
 Activating mutations within the PI3K/AKT pathway are common in many cancers, 
making pathway components attractive therapeutic targets. More specifically, mutations 
within PIK3CA are frequent in several cancer types including breast cancer and BC.17, 31 
Mutations in PIK3CA appear to be an early event in BC development as they are 
frequently detected in early stage disease.16 The three most common activating PIK3CA 
mutations in BC are E542K, E545K, and H1047R. These mutations occur in the helical 
(E542K and E545K) and kinase (H1047R) domains and have been found to increase 
cell motility and migration in normal human urothelial cells.32 However, a transgenic 
mouse model of activating mutations in Pik3ca in BC does not currently exist. Coupled 
with the relative lack of research and availability of models for early stage BC, this is a 
significant gap in the field. To address this, a Upk2-Cre/Pik3caH1047R mouse model was 
created which is the first model to express mutant Pik3ca within the urothelium, thus 
providing a novel model of BC tumorigenesis. 
 Upk2-Cre/Pik3caH1047R mice were bred and genotyped to identify mice carrying 
Upk2-Cre and one or two alleles of R26-Pik3caH1047R. To verify the PI3K/Akt pathway 
was being activated in these mice, IHC was conducted for p-Akt at residues T308 and 
S473 (Figure 1). Following PI3K activation, Akt is partially activated by phosphorylation 
at residue T308, then an additional phosphorylation at residue S473 allows for full 
activation of Akt, making these residues appropriate markers of pathway activation. 
Results showed nuclear expression of S473 was significantly increased in the mutant 
mice at 6 and 12 months of age, indicating pathway activation by Pik3caH1047R. While it 
was expected that increased cytoplasmic T308 and/or S473 expression would also be 
observed, the absence of this may have been influenced by scoring or sampling bias. It 
was noticed that p-Akt appeared to be more prevalent in the urothelium at the neck of 
the bladder compared to the dome which may have introduced variability contributing to 
sampling bias. While nuclear expression of T308 was not observed, this was not 
surprising as it is the first residue phosphorylated and only induces partial activation of 
the pathway. Overall, with the clear increase in nuclear expression of S473, these 
results verified the functionality of mutant Pik3ca in these mice.  

Histological analysis was then conducted to characterize this model. At 6 and 12 
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Figure 6. PIK3CA mutations in invasive human BC are not associated with increased 
PI3K/AKT/MTOR pathway activity. (A) Lollipop plot illustrating the number of patients within TCGA BC 
cohort harboring PIK3CA missense mutations and their positions relative to protein domain (E542K n = 18, 
E545K n = 28, and H1047R n = 6). Abbreviations: ABD – adaptor binding domain, RBD – RAS binding 
domain. (B) Boxplot illustrating ssGSEA statistic scores of TCGA BC cohort determined by analyzing the 
PI3K/AKT/MTOR signaling pathway gene set. Normal tissue samples, tumor samples with wildtype 
PIK3CA, and tumor samples with mutant PIK3CA were compared (p = 0.0158; Kruskal–Wallis). Pairwise 
tests using the Wilcoxon rank sum test show the scores of tumors with wildtype PIK3CA are similar to those 
of normal tissue (Normal vs. PIK3CA WT p = 0.29). The scores of tumors with mutant PIK3CA are 
significantly higher than those with wildtype PIK3CA and normal tissue (PIK3CA WT vs. MUT p = 0.011 
and Normal vs. PIK3CA MUT p = 0.030). Additionally, E542K, E545K, and H1047R amino acid mutations 
are highlighted for comparison. (C) Boxplot illustrating the same analysis shown in (B), however, samples 
that also harbored oncogenic hotspot mutations within other genes of the PI3K/AKT/MTOR pathway were 
removed to focus the analysis on the impact of PIK3CA mutations on pathway activation. No significant 
differences are observed among the three groups (p = 0.211; Kruskal–Wallis). Wilcoxon rank sum p-values 
are as follows: Normal vs. PIK3CA WT p = 0.312, Normal vs. PIK3CA MUT p = 0.110, and PIK3CA WT vs. 
MUT p = 0.189). E542K, E545K, and H1047R mutations are again highlighted for comparison. 

 
months of age, it was observed that mutant mice developed progressive hyperplasia. 
The thickness of the urothelium was quantified and found to be significantly increased 
compared to controls (Figure 2). Nuclear atypia was also clearly increased in mutant 
mice compared to controls and was concentrated within the superficial and intermediate 
cell populations as was similarly observed with p-Akt staining. As these are the cell 
populations in which the Upk2 promoter is active, it was anticipated that the expression 
of Pik3caH1047R would have the greatest effect in these cell populations. This specificity 
of the Upk2-Cre system is one major strength of this study. To increase the number of 
urothelial cell layers targeted by Pik3caH1047R, an alternative approach would be to use 
intravesical delivery of tamoxifen to activate inducible Cre systems such as UBC-
CreERT2 and Shh-CreERT2.33, 34  This approach would limit the impact of activating Pik3ca 
mutations outside of the bladder while enabling future studies to determine the impact of 
mutant Pik3ca expression within a greater number of cell populations. Future studies 
could also include prolonged aging of these mice to determine if Pik3ca mutation leads 
to the development of non-invasive BC. 

These morphological changes seen in the mutant mice suggest a role for 
activating Pik3ca mutations in urothelial tumorigenesis and support the use of PI3K 
inhibitors as a targeted treatment option for a subset of non-invasive BC patients. 
Treatment with PI3K inhibitors is promising and currently used for cancers such as 
breast and lung cancers.35 In fact, studies suggest patients with PIK3CA mutations have 
better response rates to PI3K inhibitors compared to those without PIK3CA mutations in 
breast cancer.36, 37 Studies also suggest specific PIK3CA mutations may lead to 
differential responses to PI3K inhibitors; in particular, it has been shown that patients 
with H1047R mutations had better response rates compared to patients with other or no 
mutations in PIK3CA in various cancers.38, 39 Future studies could include use of this 
model to determine the treatment efficacy of PI3K inhibitors in non-invasive BC with 
Pik3ca mutations. This model could also be used for studying downstream signaling 
events as well as therapies targeted towards other components of the pathway such as 
AKT and mTOR.  
 As BC can be classified into luminal and basal molecular subtypes, we utilized a 
panel of luminal (Foxa1 and Pparγ) and basal (Krt5/6 and Krt14) urothelial 
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differentiation markers to characterize the Upk2-Cre/Pik3caH1047R mice. These mice 
maintained high expression of Foxa1 and Pparγ and relatively low expression of Krt5/6 
and Krt14 (Figure 3), indicating a model of luminal BC tumorigenesis consistent with 
expression seen in most human non-invasive BCs.  

To also assess the contribution of Pik3caH1047R to carcinogen susceptibility, we 
compared control and mutant mice with two Pik3caH1047R alleles after 10 weeks of BBN 
exposure to mice which were not exposed to BBN. Surprisingly, a significant difference 
in urothelial thickness or nuclear atypia was not observed (Figure 4). This could in part 
be due to variability induced by BBN. Additionally, no differences in IHC staining for 
Foxa1, Pparγ, Krt5/6, and Krt14 were observed (Figure 5). Future studies could include 
the use of different concentrations or exposure times to BBN to elucidate a possible 
impact of Pik3ca mutation on susceptibility to carcinogen.  
 As PIK3CA mutations are seen across all stages of BC, we additionally 
investigated the impact of these mutations in invasive human BC using a publicly 
available TCGA BC cohort (Figure 6).22 A lollipop plot illustrates E542K, E545K, and 
H1047R are the three most common mutations as expected. Initial ssGSEA analysis of 
this cohort suggests patient tumors with mutant PIK3CA have significantly higher 
pathway activity compared to tumors with wildtype PIK3CA (p = 0.011; Wilcoxon rank 
sum test). In an effort to reduce the influence of other mutations on the analysis and 
therefore focus on PIK3CA mutation, further analysis was conducted using a restricted 
sample set by removing samples with oncogenic hotspot mutations within other genes 
of the pathway. This analysis suggests, however, that tumors with mutant PIK3CA do 
not have significantly increased pathway activity compared to tumors with wildtype 
PIK3CA (PIK3CA WT vs. MUT p = 0.189; Wilcoxon rank sum test). In fact, significant 
differences were not observed among the groups overall, suggesting pathway activity is 
not significantly different in tumors in general compared to normal tissue (p = 0.211; 
Kruskal–Wallis). However, while statistical significance was not reached, median scores 
are slightly increased in tumors, particularly those with mutant PIK3CA. The lack of 
statistical significance is likely affected by the large variation in scores within the groups 
which could be due to molecular heterogeneity common in BC. Overall, this data taken 
together with our experimental mouse model suggests PIK3CA mutations may be 
initiators of pathway activation and tumorigenesis, but become less of a driver of tumor 
development as additional mutations accumulate and the tumor progresses. 
Furthermore, it was observed that tumors with E542K, E545K, and H1047R mutations 
appear to have similar pathway activation levels, supporting the relevance of H1047R in 
comparison to the other mutations as well as its use in this and future studies. 
 In conclusion, these data describe Upk2-Cre/Pik3caH1047R mice as a novel in vivo 
model of luminal BC tumorigenesis. As PIK3CA mutations are commonly detected in 
early stage BC, this model can be useful in understanding the impact of PI3K/AKT 
pathway activation in BC tumorigenesis as well as studying the use of targeted 
therapies including PI3K inhibitors in non-invasive BC treatment.  
 
  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2023. ; https://doi.org/10.1101/2023.05.22.541489doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.22.541489
http://creativecommons.org/licenses/by-nc-nd/4.0/


17 
 

Acknowledgments 
 
The authors wish to acknowledge support from the Ruth Heisey Cagnoli 

Endowment in Urology at Penn State College of Medicine and the Bladder Cancer 
Support Group at Penn State Health. The authors also wish to acknowledge Jay D. 
Raman (Department of Urology, Pennsylvania State University College of Medicine) and 
Amyn M. Rojiani (Department of Pathology and Laboratory Medicine, Pennsylvania 
State University College of Medicine) for the continued support of our research 
endeavors.  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2023. ; https://doi.org/10.1101/2023.05.22.541489doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.22.541489
http://creativecommons.org/licenses/by-nc-nd/4.0/


18 
 

References 
 
[1] (IARC) IAfRoC: Cancer Today. GLOBOCAN 2020 ed: World Health Organization. 
[2] Siegel RL, Miller KD, Wagle NS, Jemal A: Cancer statistics, 2023. CA Cancer J Clin 
2023, 73:17-48. 
[3] Warrick JI, Knowles MA, Yves A, van der Kwast T, Grignon DJ, Kristiansen G, 
Egevad L, Hartmann A, Cheng L: Report From the International Society of Urological 
Pathology (ISUP) Consultation Conference On Molecular Pathology Of Urogenital 
Cancers. II. Molecular Pathology of Bladder Cancer: Progress and Challenges. Am J 
Surg Pathol 2020. 
[4] Warrick JI, Knowles MA, Hurst CD, Shuman L, Raman JD, Walter V, Putt J, Dyrskjøt 
L, Groeneveld C, Castro MAA, Robertson AG, DeGraff DJ: A transcriptional network of 
cell cycle dysregulation in noninvasive papillary urothelial carcinoma. Sci Rep 2022, 
12:16538. 
[5] Lindskrog SV, Prip F, Lamy P, Taber A, Groeneveld CS, Birkenkamp-Demtröder K, 
Jensen JB, Strandgaard T, Nordentoft I, Christensen E, Sokac M, Birkbak NJ, Maretty 
L, Hermann GG, Petersen AC, Weyerer V, Grimm MO, Horstmann M, Sjödahl G, 
Höglund M, Steiniche T, Mogensen K, de Reyniès A, Nawroth R, Jordan B, Lin X, 
Dragicevic D, Ward DG, Goel A, Hurst CD, Raman JD, Warrick JI, Segersten U, Sikic 
D, van Kessel KEM, Maurer T, Meeks JJ, DeGraff DJ, Bryan RT, Knowles MA, Simic T, 
Hartmann A, Zwarthoff EC, Malmström PU, Malats N, Real FX, Dyrskjøt L: An 
integrated multi-omics analysis identifies prognostic molecular subtypes of non-muscle-
invasive bladder cancer. Nat Commun 2021, 12:2301. 
[6] Babjuk M, Böhle A, Burger M, Capoun O, Cohen D, Compérat EM, Hernández V, 
Kaasinen E, Palou J, Rouprêt M, van Rhijn BW, Shariat SF, Soukup V, Sylvester RJ, 
Zigeuner R: EAU Guidelines on Non-Muscle-invasive Urothelial Carcinoma of the 
Bladder: Update 2016. Eur Urol 2017, 71:447-61. 
[7] Hurst CD, Alder O, Platt FM, Droop A, Stead LF, Burns JE, Burghel GJ, Jain S, 
Klimczak LJ, Lindsay H, Roulson JA, Taylor CF, Thygesen H, Cameron AJ, Ridley AJ, 
Mott HR, Gordenin DA, Knowles MA: Genomic Subtypes of Non-invasive Bladder 
Cancer with Distinct Metabolic Profile and Female Gender Bias in KDM6A Mutation 
Frequency. Cancer Cell 2017, 32:701-15.e7. 
[8] James AC, Gore JL: The costs of non-muscle invasive bladder cancer. Urol Clin 
North Am 2013, 40:261-9. 
[9] Cantley LC: The phosphoinositide 3-kinase pathway. Science 2002, 296:1655-7. 
[10] Fruman DA, Chiu H, Hopkins BD, Bagrodia S, Cantley LC, Abraham RT: The PI3K 
Pathway in Human Disease. Cell 2017, 170:605-35. 
[11] Network CGAR: Comprehensive molecular characterization of urothelial bladder 
carcinoma. Nature 2014, 507:315-22. 
[12] Puzio-Kuter AM, Castillo-Martin M, Kinkade CW, Wang X, Shen TH, Matos T, Shen 
MM, Cordon-Cardo C, Abate-Shen C: Inactivation of p53 and Pten promotes invasive 
bladder cancer. Genes Dev 2009, 23:675-80. 
[13] Tsuruta H, Kishimoto H, Sasaki T, Horie Y, Natsui M, Shibata Y, Hamada K, Yajima 
N, Kawahara K, Sasaki M, Tsuchiya N, Enomoto K, Mak TW, Nakano T, Habuchi T, 
Suzuki A: Hyperplasia and carcinomas in Pten-deficient mice and reduced PTEN 
protein in human bladder cancer patients. Cancer Res 2006, 66:8389-96. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2023. ; https://doi.org/10.1101/2023.05.22.541489doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.22.541489
http://creativecommons.org/licenses/by-nc-nd/4.0/


19 
 

[14] Osei-Amponsa V, Buckwalter JM, Shuman L, Zheng Z, Yamashita H, Walter V, 
Wildermuth T, Ellis-Mohl J, Liu C, Warrick JI, Shantz LM, Feehan RP, Al-Ahmadie H, 
Mendelsohn C, Raman JD, Kaestner KH, Wu XR, DeGraff DJ: Hypermethylation of 
FOXA1 and allelic loss of PTEN drive squamous differentiation and promote 
heterogeneity in bladder cancer. Oncogene 2020, 39:1302-17. 
[15] Goebell PJ, Knowles MA: Bladder cancer or bladder cancers? Genetically distinct 
malignant conditions of the urothelium. Urol Oncol 2010, 28:409-28. 
[16] López-Knowles E, Hernández S, Malats N, Kogevinas M, Lloreta J, Carrato A, 
Tardón A, Serra C, Real FX: PIK3CA mutations are an early genetic alteration 
associated with FGFR3 mutations in superficial papillary bladder tumors. Cancer Res 
2006, 66:7401-4. 
[17] Platt FM, Hurst CD, Taylor CF, Gregory WM, Harnden P, Knowles MA: Spectrum of 
phosphatidylinositol 3-kinase pathway gene alterations in bladder cancer. Clin Cancer 
Res 2009, 15:6008-17. 
[18] Adams JR, Xu K, Liu JC, Agamez NM, Loch AJ, Wong RG, Wang W, Wright KL, 
Lane TF, Zacksenhaus E, Egan SE: Cooperation between Pik3ca and p53 mutations in 
mouse mammary tumor formation. Cancer Res 2011, 71:2706-17. 
[19] Mo L, Cheng J, Lee EY, Sun TT, Wu XR: Gene deletion in urothelium by specific 
expression of Cre recombinase. Am J Physiol Renal Physiol 2005, 289:F562-8. 
[20] Reddy OL, Cates JM, Gellert LL, Crist HS, Yang Z, Yamashita H, Taylor JA, Smith 
JA, Chang SS, Cookson MS, You C, Barocas DA, Grabowska MM, Ye F, Wu XR, Yi Y, 
Matusik RJ, Kaestner KH, Clark PE, DeGraff DJ: Loss of FOXA1 Drives Sexually 
Dimorphic Changes in Urothelial Differentiation and Is an Independent Predictor of Poor 
Prognosis in Bladder Cancer. Am J Pathol 2015, 185:1385-95. 
[21] Computing RFfS: R: a language and environment for statistical computing. Vienna, 
Austria: R Core Team. 
[22] Robertson AG, Kim J, Al-Ahmadie H, Bellmunt J, Guo G, Cherniack AD, Hinoue T, 
Laird PW, Hoadley KA, Akbani R, Castro MAA, Gibb EA, Kanchi RS, Gordenin DA, 
Shukla SA, Sanchez-Vega F, Hansel DE, Czerniak BA, Reuter VE, Su X, de Sa 
Carvalho B, Chagas VS, Mungall KL, Sadeghi S, Pedamallu CS, Lu Y, Klimczak LJ, 
Zhang J, Choo C, Ojesina AI, Bullman S, Leraas KM, Lichtenberg TM, Wu CJ, Schultz 
N, Getz G, Meyerson M, Mills GB, McConkey DJ, Weinstein JN, Kwiatkowski DJ, Lerner 
SP, Network TR: Comprehensive Molecular Characterization of Muscle-Invasive 
Bladder Cancer. Cell 2017, 171:540-56.e25. 
[23] Robinson MD, McCarthy DJ, Smyth GK: edgeR: a Bioconductor package for 
differential expression analysis of digital gene expression data. Bioinformatics 2010, 
26:139-40. 
[24] McCarthy DJ, Chen Y, Smyth GK: Differential expression analysis of multifactor 
RNA-Seq experiments with respect to biological variation. Nucleic Acids Res 2012, 
40:4288-97. 
[25] Chen Y, Lun AT, Smyth GK: From reads to genes to pathways: differential 
expression analysis of RNA-Seq experiments using Rsubread and the edgeR quasi-
likelihood pipeline. F1000Res 2016, 5:1438. 
[26] Hänzelmann S, Castelo R, Guinney J: GSVA: gene set variation analysis for 
microarray and RNA-seq data. BMC Bioinformatics 2013, 14:7. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2023. ; https://doi.org/10.1101/2023.05.22.541489doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.22.541489
http://creativecommons.org/licenses/by-nc-nd/4.0/


20 
 

[27] Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, Jacobsen A, 
Byrne CJ, Heuer ML, Larsson E, Antipin Y, Reva B, Goldberg AP, Sander C, Schultz N: 
The cBio cancer genomics portal: an open platform for exploring multidimensional 
cancer genomics data. Cancer Discov 2012, 2:401-4. 
[28] Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, Sun Y, Jacobsen 
A, Sinha R, Larsson E, Cerami E, Sander C, Schultz N: Integrative analysis of complex 
cancer genomics and clinical profiles using the cBioPortal. Sci Signal 2013, 6:pl1. 
[29] Mayakonda A, Lin DC, Assenov Y, Plass C, Koeffler HP: Maftools: efficient and 
comprehensive analysis of somatic variants in cancer. Genome Res 2018, 28:1747-56. 
[30] Ellrott K, Bailey MH, Saksena G, Covington KR, Kandoth C, Stewart C, Hess J, Ma 
S, Chiotti KE, McLellan M, Sofia HJ, Hutter C, Getz G, Wheeler D, Ding L, Group MW, 
Network CGAR: Scalable Open Science Approach for Mutation Calling of Tumor 
Exomes Using Multiple Genomic Pipelines. Cell Syst 2018, 6:271-81.e7. 
[31] Samuels Y, Wang Z, Bardelli A, Silliman N, Ptak J, Szabo S, Yan H, Gazdar A, 
Powell SM, Riggins GJ, Willson JK, Markowitz S, Kinzler KW, Vogelstein B, Velculescu 
VE: High frequency of mutations of the PIK3CA gene in human cancers. Science 2004, 
304:554. 
[32] Ross RL, Askham JM, Knowles MA: PIK3CA mutation spectrum in urothelial 
carcinoma reflects cell context-dependent signaling and phenotypic outputs. Oncogene 
2013, 32:768-76. 
[33] Ruzankina Y, Pinzon-Guzman C, Asare A, Ong T, Pontano L, Cotsarelis G, Zediak 
VP, Velez M, Bhandoola A, Brown EJ: Deletion of the developmentally essential gene 
ATR in adult mice leads to age-related phenotypes and stem cell loss. Cell Stem Cell 
2007, 1:113-26. 
[34] Harfe BD, Scherz PJ, Nissim S, Tian H, McMahon AP, Tabin CJ: Evidence for an 
expansion-based temporal Shh gradient in specifying vertebrate digit identities. Cell 
2004, 118:517-28. 
[35] Li X, Dai D, Chen B, Tang H, Xie X, Wei W: Efficacy of PI3K/AKT/mTOR pathway 
inhibitors for the treatment of advanced solid cancers: A literature-based meta-analysis 
of 46 randomised control trials. PLoS One 2018, 13:e0192464. 
[36] Baselga J, Im SA, Iwata H, Cortés J, De Laurentiis M, Jiang Z, Arteaga CL, Jonat 
W, Clemons M, Ito Y, Awada A, Chia S, Jagiełło-Gruszfeld A, Pistilli B, Tseng LM, 
Hurvitz S, Masuda N, Takahashi M, Vuylsteke P, Hachemi S, Dharan B, Di Tomaso E, 
Urban P, Massacesi C, Campone M: Buparlisib plus fulvestrant versus placebo plus 
fulvestrant in postmenopausal, hormone receptor-positive, HER2-negative, advanced 
breast cancer (BELLE-2): a randomised, double-blind, placebo-controlled, phase 3 trial. 
Lancet Oncol 2017, 18:904-16. 
[37] Di Leo A SLK, Ciruelos E, Lønning P, Janni W, O’Regan R, Mouret Reynier MA, 
Kalev D, Egle D, Csoszi T, et al.: Abstract S4-07: BELLE-3: A phase III study of 
buparlisib + fulvestrant in postmenopausal women with HR+, HER2–, aromatase 
inhibitor-treated, locally advanced or metastatic breast cancer, who progressed on or 
after mTOR inhibitor-based treatment.: Cancer Research., 2017. 
[38] Janku F, Wheler JJ, Naing A, Falchook GS, Hong DS, Stepanek VM, Fu S, Piha-
Paul SA, Lee JJ, Luthra R, Tsimberidou AM, Kurzrock R: PIK3CA mutation H1047R is 
associated with response to PI3K/AKT/mTOR signaling pathway inhibitors in early-
phase clinical trials. Cancer Res 2013, 73:276-84. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2023. ; https://doi.org/10.1101/2023.05.22.541489doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.22.541489
http://creativecommons.org/licenses/by-nc-nd/4.0/


21 
 

[39] Mayer IA, Abramson VG, Formisano L, Balko JM, Estrada MV, Sanders ME, Juric 
D, Solit D, Berger MF, Won HH, Li Y, Cantley LC, Winer E, Arteaga CL: A Phase Ib 
Study of Alpelisib (BYL719), a PI3Kα-Specific Inhibitor, with Letrozole in ER+/HER2- 
Metastatic Breast Cancer. Clin Cancer Res 2017, 23:26-34. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2023. ; https://doi.org/10.1101/2023.05.22.541489doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.22.541489
http://creativecommons.org/licenses/by-nc-nd/4.0/

