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Abstract 

Understanding functional interactions between cancer mutations is an attractive strategy for 

discovering unappreciated cancer pathways and developing new combination therapies to 

improve personalized treatment. However, distinguishing driver gene pairs from passenger pairs 

remains challenging. Here, we designed an integrated omics approach to identify driver gene 

pairs by leveraging genetic interaction analyses of top mutated breast cancer genes and the 

proteomics interactome data of their encoded proteins. This approach identified that PIK3CA 

oncogenic gain‐of-function (GOF) and CBFB loss‐of‐function (LOF) mutations cooperate to 

promote breast tumor progression in both mice and humans. The transcription factor CBFB 

localized to mitochondria and moonlighted in translating the mitochondrial genome. 

Mechanistically, CBFB enhanced the binding of mitochondrial mRNAs to TUFM, a 

mitochondrial translation elongation factor. Independent of mutant PI3K, mitochondrial 

translation defects caused by CBFB LOF led to multiple metabolic reprogramming events, 

including defective oxidative phosphorylation (OXPHOS), the Warburg effect, and 

autophagy/mitophagy addiction. Furthermore, autophagy and PI3K inhibitors synergistically 

killed breast cancer cells and impaired the growth of breast tumors, including patient‐derived 

xenografts (PDXs) carrying CBFB LOF and PIK3CA GOF mutations. Thus, our study offers 

mechanistic insights into the functional interaction between mutant PI3K and mitochondrial 

translation dysregulation in breast cancer progression and provides a strong preclinical rationale 

for combining autophagy and PI3K inhibitors in precision medicine for breast cancer. 

Significance: 
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CBFB-regulated mitochondrial translation is a regulatory step in breast cancer metabolism and 

synergizes with mutant PI3K in breast cancer progression.  
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Introduction 

Mutations in tumors often collaborate to control pathways underlying the hallmark 

features of cancer cells. Due to the functional interaction of collaborative gene mutations, 

targeting a single pathway or gene product often has heterogeneous responses in tumors. For 

instance, the PIK3CA gene is mutated in 30-40% of breast tumors, but PIQRAY (Alpelisib, 

BYL719), the first-in-class inhibitor of mutant PIK3CA, is only effective in a fraction of patients 

with PIK3CA mutant tumors (1). Thus, identifying druggable, functionally interacting mutant 

pairs is critical for elucidating unappreciated cancer pathways and developing combination 

therapies to improve precision oncology. One approach is to use unbiased drug screening in cell 

lines by combining known drugs (2). Although powerful, the number of possible cancer gene 

pairs is still far beyond the testing capacity of screening. Another complementary approach is to 

perform integrated multi-omics analyses by leveraging genomics, epigenomics, and proteomics 

datasets. As orthogonal datasets become more available, this approach has the potential to yield 

valuable insights into the functional interaction of cancer gene pairs in cancer progression. 

In this report, we use breast cancer as a model and integrate genetic interaction data of 

top mutated genes with proteomic interacting data of the protein products of these genes. These 

integrated analyses reveal that mutations in the phosphoinositide 3-kinase (PI3K) pathway and 

core binding factor beta (CBFB) functionally interact. Using xenografts and genetically 

engineered mouse models (GEMMs), we provide compelling evidence that CBFB loss-of-

function (LOF) mutations and PIK3CA oncogenic gain-of-function (GOF) mutations 

cooperatively promote breast tumor progression. Mechanistic studies reveal that, in addition to 

its roles in other cellular compartments, CBFB moonlights as a major regulator of mitochondrial 

translation. Consequently, dysregulation of mitochondrial translation through CBFB LOF is a 
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common event in the metabolic reprogramming of breast cancer cells, rendering these cancer 

cells dependent on autophagy/mitophagy for survival. Moreover, preclinical data show that 

mitochondrial translation dysregulation through CBFB LOF is therapeutically targetable by 

combining autophagy and PIK3CA inhibitors. Our results highlight the importance of CBFB-

regulated mitochondrial translation in breast tumor progression and provide a strong preclinical 

rationale for combining autophagy and PIK3CA inhibitors in breast cancer precision oncology.  
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Materials and Methods 

Reagents 

MCF10A cell culture components; hydrocortisone (Cat#H0888g), recombinant human insulin 

(Cat#910077C), and cholera toxin (Cat#C8052) were purchased from Sigma. Human epidermal 

growth factor (EGF) was procured from PeproTech (Cat#AF100-15). Hydroxychloroquine 

sulfate (HCQ, Cat#PHR1782) and BYL719 (Cat# HY-15244) were purchased from Sigma and 

MedChemExpress, respectively. ULK inhibitors; SBI-0206965 (Cat#18477) and MRT68921 

(Cat#19905) were procured from Cayman.  

For immunoblotting, the following antibodies were used: CBFB (Thermo Fisher 

Scientific Cat# A303-547A, RRID:AB_10953532, 1:1000), hnRNPK (Bethyl Cat# A300-674A, 

RRID:AB_530277, 1:1000), PIK3CA (PI3 Kinase p110α, (Cell Signaling Technology Cat# 4249, 

RRID:AB_2165248), 1:1000), COX IV (Cell Signaling Technology Cat# 4850, 

RRID:AB_2085424), 1:1000), MT-CO2 (Bethyl Cat# A305-318A, RRID:AB_2631711), 

1:2000), MT-CYB (Abcam, Cat# Ab219823, RRID:AB_2928084, 1:1000), MT-ATP6 

(Millipore, Cat# MABS1995, RRID:AB_2928083, 1:500), estrogen receptor α (Cell Signaling 

Technology Cat# 8644, RRID:AB_2617128, 1:1000), phospho-AKT (Ser473) (Cell Signaling 

Technology Cat# 4060, RRID:AB_2315049, 1:1000),  AKT (pan) (Cell Signaling Technology 

Cat# 4691, RRID:AB_915783, 1:1000), alpha-tubulin (Cell Signaling Technology Cat# 2144, 

RRID:AB_2210548, 1:1000), HSP60 (Cell Signaling Technology Cat# 12165, 

RRID:AB_2636980, 1:1000), Cytochrome c (Cell Signaling Technology Cat# 11940, 

RRID:AB_2637071, 1:1000), Phospho-ULK1-S555 (Cell Signaling Technology Cat# 5869, 

RRID:AB_10707365, 1:1000), Phospho-ULK1-S757 (Cell Signaling Technology Cat# 6888, 

RRID:AB_10829226, 1:1000), ULK1 (Cell Signaling Technology Cat# 8054, 
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RRID:AB_11178668, 1:1000), Phospho-AMPK-T172 (Cell Signaling Technology Cat# 2535, 

RRID:AB_331250, 1:1000),  AMPK1 (Bethyl Cat# A300-507A, RRID:AB_155884, 1:5000), 

LC3A/B (Cell Signaling Technology Cat# 12741, RRID:AB_2617131, 1:1000), β-actin (Sigma-

Aldrich Cat# A5316, RRID:AB_476743, 1:5000), H3 (Millipore Cat# 07-690, 

RRID:AB_417398, 1:5000), and GAPDH (Abcam Cat# ab9484, RRID:AB_307274, 1:5000).  

For immunohistochemistry (IHC), the following antibodies were used: Ki67 (Cell 

Signaling Technology Cat# 12202, RRID:AB_2620142, 1:200), ERα (Santa Cruz Biotechnology 

Cat# sc-542, RRID:AB_631470, 1:250), PR (Agilent Cat# A0098, RRID:AB_2315192, 1:200), 

LC3A/B ((Cell Signaling Technology Cat# 12741, RRID:AB_2617131, 1:100), CBFB (Bethyl 

Cat# A303-549A, RRID:AB_10951838, 1:1000), TUFM (Abcam Cat# ab173300, 

RRID:AB_2750903, 1:100), PIK3CA (PI3 Kinase p110α, (Cell Signaling Technology Cat# 4249, 

RRID:AB_2165248, 1:100) and MT-CO1 (Abcam Cat# ab14705, RRID:AB_2084810, 1:100).  

For immunofluorescence (IFC), the following antibodies were used: CBFB (Bethyl Cat# 

A303-549A, RRID:AB_10951838, 1:1000 or Santa Cruz, (Santa Cruz Biotechnology Cat# sc-

56751, RRID:AB_781871, 1:100), LAMP1 (Cell Signaling Technology Cat# 9091, 

RRID:AB_2687579, 1:200), TUFM (Abcam Cat# ab173300, RRID:AB_2750903, 1:100), MT-

CO1 (Abcam Cat# ab14705, RRID:AB_2084810, 1:100), COX IV (Abcam Cat# ab33985, 

RRID:AB_879754, 1:200), PIK3CA (PI3 Kinase p110α, (Cell Signaling Technology Cat# 4249, 

RRID:AB_2165248, 1:100), and hnRNPK (Bethyl Cat# A300-674A, RRID:AB_530277, 

1:1000). For RNA immunoprecipitation (RIP), the following antibodies were used: CBFB 

(Bethyl Cat# A303-549A, RRID:AB_10951838, 1 µg), hnRNPK (Bethyl Cat# A300-674A, 

RRID:AB_530277, 1 µg), and TUFM (Bethyl Cat# A305-014A, RRID:AB_2621208, 1 µg). For 

PLA, TUFM (Abcam Cat# ab173300, RRID:AB_2750903, 1:100) and CBFB (Santa Cruz 
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Biotechnology Cat# sc-56751, RRID:AB_781871, 1:100) antibodies were used. For 

immunoprecipitation (IP), CBFB (Bethyl Cat# A303-549A, RRID:AB_10951838, 1 µg) 

antibody was used. 

Cell culture  

MCF10A (Cat#CRL-10317, RRID:CVCL_0598), MCF7 (Cat# HTB-22, RRID:CVCL_0031), 

BT474 (Cat# HTB-20, RRID:CVCL_0179), and MDA-MB-361 (Cat#HTB-27, CVCL_0620) 

cell lines were procured from ATCC (Manassas, VA). All cell lines used in this study were 

tested every two months and confirmed to be mycoplasma free using the MycoAlert™ 

Mycoplasma Detection Kit (Lonza, Cat#LT07-218). MCF7 cells were grown in Eagle's 

Minimum Essential Medium (EMEM) supplemented with 10% FBS, 10 µg/ml human 

recombinant insulin, and antibiotics. MCF10A cells were cultured in DMEM/F12 supplemented 

with 5% horse serum, 20 ng/ml human EGF, 500 ng/ml hydrocortisone, 10 µg/ml human 

recombinant insulin, 100 ng/ml Cholera toxin, and antibiotics. All other cell lines were cultured 

in DMEM supplemented with 10% FBS and antibiotics. All cell lines were maintained in an 

incubator set at 37ºC and supplied with 5% CO2 and less than passage 20.  

Bioinformatic analyses 

For RIP-seq and eCLIP, public datasets were re-analyzed: CBFB and hnRNPK RIP-seq 

(GSE8834172), hnRNPK eCLIP (GSM2423241). Raw data were downloaded from the SRA 

archive and aligned to hg38 using STAR. BigWig files were generated using the bamCompare 

module in deepTools (ver 3.5.0).  

RNA immunoprecipitation (RIP) assay 

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/doi/10.1158/0008-5472.C

AN
-22-2525/3270461/can-22-2525.pdf?casa_token=ySLPaa7C

ZxU
AAAAA:sp3M

PG
5vp4vO

7O
vfAH

O
zq-ljkM

7Pfqo_Ybow
m

xBIPlV_n-am
Q

yv19G
Tw

Ar8Zeae8ZKR
-5N

ck by U
niversity of G

ranada user on 13 M
arch 2023



9 
 

RIP assays were performed as previously described (3). Briefly, the dounce method was used to 

prepare clear cell lysate. 1 µg of antibody was incubated overnight with 500 µg of cell lysate at 

4ºC. The next day, protein A agarose beads were added to the lysate, which was then incubated 

for an additional 4 hours at 4ºC. Finally, beads were washed with RPA buffer (50 mM Tris, pH 

7.5, 250 mM KCl, 5 mM EDTA, 0.5 mM DTT, 1% NP40 plus protease inhibitors and RNase 

inhibitors), and total RNA was extracted using Trizol (Invitrogen) and analyzed by real-time 

PCR. 

Immunofluorescence staining, confocal microscopy, and super-resolution microscopy 

Immunofluorescence was performed as described previously (4). Briefly, 1x105 cells were 

plated overnight in a Lab-Tek II chamber slide (2 well, Nunc, Cat# MitoTracker Red (Fisher 

Scientific 155380). The next day, cells were fixed with 4% formaldehyde and blocked with 

buffer (5% normal goat serum+0.3% Triton X-100 in 1X PBS) for 1 hour at room temperature 

(RT). Subsequently, cells were incubated overnight in primary antibodies at 4ºC. The next day, 

cells were extensively washed with PBS followed by incubation with secondary antibodies 

conjugated to either Alexa Fluor 488 or Alexa Fluor 568 (Thermo Fisher Scientific Cat# A-

11001, RRID:AB_2534069, Thermo Fisher Scientific Cat# A-11008, RRID:AB_143165 , 

Thermo Fisher Scientific Cat# A-11011, RRID:AB_143157, or Thermo Fisher Scientific Cat# 

A-11031, RRID:AB_144696) for 2 hours. After incubation, cells were washed with PBS and 

incubated with DAPI (1:2000) for 1 hour at RT for nuclei visualization. After staining, cells were 

washed and mounted with VECTASHIELD® mounting media (Vector Laboratories, Inc 

Burlingame, CA). Confocal microscopy of stained cells was performed using a Zeiss LSM 780 

microscope with either a 63x plan-apochromat (N.A. 1.4) or 100x plan-apochromat (N.A. 14.) 

oil immersion objective lens. For MitoTracker Green (Fisher Scientific, Cat#M7514) or 
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MitoTracker Red (Fisher Scientific, Cat#M22425) staining, cells were stained as per the 

manufacturer's instructions. 

For quantification of mitophagy using machine learning: confocal images were acquired 

with a Zeiss LSM880 microscope using a 63x plan-apochromat oil immersion objective lens 

(N.A. 1.4), 0.09 mm x-y pixel size and 0.9 mm optical section thickness (Carl Zeiss Microscopy, 

Inc., Thornwood, NY). Images were exported as OME-TIFF and processed using a Denoise.ai 

algorithm in Nikon Elements software (v 5.2) (Nikon Instruments, Inc., Melville, NY). The 

denoised images were then analyzed using Python-based image analysis algorithms. Briefly, 

mitophagy in COX IV- and LAMP1-stained images was quantified using the Python packages 

scikit-image and scikit-learn (5). Whole cells were segmented using marker-based watershed 

segmentation, using nuclei maxima as seed points. LAMP1-stained lysosomes were also 

segmented using marker-based watershed segmentation but using local LAMP1 intensity 

maxima as seed points. COX IV-stained mitochondria were segmented using a Random Forest 

machine learning pixel classifier. Object-object co-localized area was calculated by measuring 

the area of overlap between segmented mitochondria and segmented lysosomes. The mitophagy 

index was defined as the co-localized area multiplied by LAMP1 fluorescence intensity.  

Super-resolution images were acquired with a Nikon SoRa spinning disk microscope 

using a 60x apo-TIRF oil immersion objective lens (N.A. 1.49) and Photometrics BSI sCMOS 

camera. Z-stacks were collected with 0.15 µm step size and were deconvolved in the Nikon 

Elements software (v. 5.3) using a modified Richardson-Lucy iterative deconvolution algorithm. 

The deconvolved images were imported into Imaris (v. 9.8.2) image analysis software for 

volume rendering and segmentation. 

Electron microscopy 
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Wild-type (WT) and CBFB knockout (CBFB_KO) cells in the form of adherent cells in two 

wells of six well-plate were fixed with 2% glutaraldehyde in 0.1M Na Cacodylate buffer for an 

hour at room temperature for Transmission electron microscopy (TEM) processing. Two wells 

containing WT and CBFB_KO washed with 0.1M Na Cacodylate buffer two times for 10 min. 

After the second buffer wash, these cells were post fixed with 1% Osmium Tetroxide for an hour 

in the dark. After an hour post fixation, these cells were washed with 0.1M Na Cacodylate buffer 

twice for 10 min, and then washed once with 0.1N Na Acetate buffer and stained with 0.5% 

Uranyl Acetate for an hour in the dark. After en block staining, these cells were washed with 

0.1N Na Acetate buffer twice for 10 min. After the last buffer wash, these cells were subjected to 

gradual dehydration in the order of 35%, 50%, 70% and 95% Ethanol twice each step for 10 min 

and three times with 100% Ethanol for 10 min. After the last step of 100% Ethanol rinse, these 

cells were infiltrated in 100% pure epoxy resin at room temperature overnight.  

The next day, each well was washed with 100% pure epoxy resin twice and transferred to 

a 55 ˚C oven for 48 hours for polymerization. Epoxy resin (PolyScience Resin) ingredients 

consisted of a mixture of Poly/Bed 812 embedding Media, Dodecenylsuccinic Anhydride 

(DDSA), Nadic Methyl Anhydride (NSA) and DMP-30 to solidify the resin. After 48 hours, 

these cells in two wells of 6-well plate were taken out of the oven, and ultra-thin sectioned with a 

UC6 Leica Microtome at 75 nm. The ultra-thin sections were picked up on a 150 Copper mesh 

grid and were examined under a Hitachi H7600 Transmission electron microscope. The grids 

were post stained with 1:1 0.5% Uranyl Acetate in ddH2O and 70% Ethanol for 2 min and then 

rinsed with ddH2O for four times, then stained with 1:1 Lead Citrate and H2O for 2 min and 

rinsed with ddH2O four times. The grids were carbon coated with a TedPella/Cressington 

Evaporator and imaged in a Hitachi H7600 transmission electron microscope at 80KeV. 
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Mitochondria fractionation   

Cellular mitochondria were fractionated using Mitochondria Isolation Kit for Cultured Cells 

(Abcam, Cat# ab110170) by following instructions from the manufacturer. 

BIOID2 

Stable CBFB KO MCF10A cell lines expressing retroviral expression plasmids, mycBioID2-

pBabe-puro (EV, RRID:Addgene_80900) and mycBioID2-CBFB-pBabe-puro, were generated 

using a retroviral transduction system. Briefly, 2 million Platinum-A (Plat-A) cells were grown 

on a collagen-coated 60 mm dish in DMEM, 10% FBS media without any antibiotics. The next 

day, cells were transfected with 3 µg of the above-mentioned retroviral expression plasmids 

along with 150 µl of Opti-MEM and 9 µl of FuGENE transfection reagent (Promega, Cat# 

E2311). Retroviral supernatant was harvested 48 hours after transfection. 500 µl of retroviral 

supernatant, 1500 µl of DMEM/F12 media, and 6 µg/ml polybrene were used to transduce 

CBFB_KO MCF10A cells. Subsequently, cells were transferred to media containing 2 µg/ml 

puromycin to generate stable cell lines expressing mycBioID2-CBFB or the empty vector. For 

biotin pull-down, 8 million cells were grown in four 10-cm dishes, harvested, washed 2X with 

PBS, and lysed in 2 ml of lysis buffer (50 mM Tris pH 7.4, 500 mM NaCl, 0.4% SDS, 2% Triton 

X-100, 1 mM DTT, 5 mM EDTA, and protease inhibitors). Subsequently, cell lysates were 

sonicated for 5 min with 30 sec ON and 30 sec OFF using a Bioruptor sonicator. Next, the 

sonicated lysate was centrifuged at 13000 rpm and the supernatant was collected for protein 

estimation. 4 mg of protein from each sample was incubated with 150 µl of streptavidin 

magnetic beads (New England Biolabs, Cat# S1420S) overnight at 4°C with mixing. The next 

day, beads were collected using a magnetic stand and washed twice with 2% SDS for 10 minutes, 

followed by 1X wash with 0.1% sodium deoxycholate, 1% Triton X-100, 500 mM NaCl, 1 mM 
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EDTA, and 50 mM HEPES pH 7.5 for 10 minutes. Next, beads were washed 1X with 250 mM 

LiCl, 0.5% NP-40, 0.5% sodium deoxycholate, 1 mM EDTA and 10 mM Tris pH 8.0 for 10 

minutes followed by 2X wash with 50 mM Tris pH 7.4, 150 mM NaCl for 5 minutes each. 

Finally, beads were washed once with 25 mM HEPES pH 7.3 for 5 minutes and resuspended in 

100 µl of 25 mM HEPES and sent to the NCI Protein Laboratory for mass spectrometry analysis. 

The total number of identified peptides (peptide spectrum matches) for a specific protein was 

used to calculate the enrichment. 

Proximity ligation assay (PLA) 

PLA was performed using the Duolink In Situ Red Starter kit (Sigma, Cat#DUO92101) 

according to the manufacturer's instructions. Briefly, 2.5 × 104 cells were grown on a Millicell 

EZ slide (Sigma, Cat#PEZGS0816) for 48 hours. For formalin-fixed paraffin-embedded (FFPE) 

sections, antigen retrieval was performed using sodium citrate at sub-boiling temperature for 30 

minutes. For PLA labeling, cells were fixed with 4% paraformaldehyde in PBS for 15 minutes, 

permeabilized with 0.3% Triton X-100 for 10 minutes, and then blocked with Duolink blocking 

solution at 37 °C for 1 hour. Samples were subsequently probed with the primary antibodies 

overnight at 4°C. Ligation and amplification of probes were performed per the manufacturer's 

instructions. Images were captured using the Zeiss LSM780 confocal microscope described 

above. 

In situ mitochondrial translation assay 

The assay was performed as described previously (6). Briefly, 2 × 105 cells were plated overnight 

on glass coverslips in complete DMEM/F12 media. The next day, cells were transferred to a 

methionine-free complete DMEM/F12 media (Caisson Labs, Cat: DFP14-10X1LT) with 5% 
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dialyzed horse serum. The cytosolic translation was blocked by treating cells with cycloheximide 

(50 µg/ml, Research Product International, Cat # C81040-10) for 20 minutes. For the negative 

control set, cells were treated with cycloheximide (50 µg/ml) and chloramphenicol (150 µg/ml) 

for 50 minutes to block mitochondria protein translation. Subsequently, cells were labeled with 

500 µM L-Homopropargylglycine (HPG, Sigma Cat #900893) for 30 minutes. After labeling, 

cells were incubated on ice for 2 minutes in buffer A [10 mM HEPES, 10 nM NaCl, 5 mM KCl, 

300 mM sucrose, and 0.015% (w/v) digitonin] followed by 15 seconds of incubation in buffer A 

without digitonin. Afterward, coverslips were fixed in 4% paraformaldehyde in PBS for 30 

minutes at room temperature. Subsequently, cells were washed in PBS for 5 minutes and 

quenched in 100 mM NH4Cl in PBS for 15 minutes. Afterward, cells were washed three times (5 

minutes each) in staining solution (PBS containing 5% BSA, 5% tryptone, and 0.1% Triton X-

100). Next, coverslips were briefly washed in 3% BSA and clicked with Click-iT™ Cell 

Reaction Buffer Kit (Thermo Fisher, Cat #C10269) and 3 uM AZDye 594 Azide (Click 

Chemistry Tools, Cat#1295-1) for 20 minutes at room temperature. Cells were incubated in 

primary COX IV antibody (Abcam, Cat#ab33985) for 1 hour at room temperature after a quick 

wash with 3% BSA. Subsequently, cells were washed three times in staining solution and 

incubated for 1 hour at room temperature in secondary antibody (goat anti-mouse Alexa Fluor 

488, Jackson ImmunoResearch Laboratory, Cat: 115-547-003) along with DAPI. Finally, cells 

were washed for 5 minutes with PBS containing 5% BSA, 5% tryptone, followed by 5 minutes 

wash with high-salt PBS (PBS+500 mM NaCl) and a final wash with PBS before mounting and 

imaging at the Zeiss LSM780 confocal microscope. 

Mitochondria protein translation assay in extracted mitochondria 
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The assay was performed as described previously (6). Briefly, 2 × 107 WT and CBFB_KO 

MCF10A cells were plated in complete DMEM/F12 media. The next day, cells were transferred 

to a methionine-free complete DMEM/F12 media with 5% dialyzed horse serum. The cytosolic 

translation was blocked by treating cells with cycloheximide for 20 minutes. For the negative 

control, cells were treated with both cycloheximide (50 µg/ml) and chloramphenicol (150 µg/ml) 

for 50 minutes to block mitochondria protein translation. Subsequently, cells were labeled with 

500 µM L-Homopropargylglycine for 4 hours. After incubation, were extracted using the 

Mitochondria Isolation Kit for Cultured Cells (Abcam, Cat# ab110170) as per the manufacturer’s 

instructions. Next, 70 µg of mitochondria protein lysate was click-labeled with 40 µM AZDye 

594 Azide using Click-&-Go™ Protein Reaction Buffer Kit (Click Chemistry Tools, Cat#1262) 

as per the manufacturer’s instructions. Subsequently, lysates were run on a NuPAGE gel, and the 

gel was scanned at FLA-6500 Starion (Fujifilm) to visualize fluorescent proteins.  

Mitochondria Stress Test and Glycolysis Stress Test 

Mitochondria Stress Tests (Agilent, 103015-100) and Glycolysis Stress Tests (Agilent 

Technologies, 103020-100) were performed as described previously (7). Briefly, 20,000 cells 

were plated onto a XF24 cell culture plate, followed by replacing the culture media with Agilent 

Seahorse XF Base Medium (Agilent, Cat#103334-100) supplemented with 2 mM glutamine 

(Sigma, Cat#G8540) for the Glycolysis Stress Tests, or with 1 mM sodium pyruvate (Sigma, 

Cat#S8636), 2 mM glutamine (Sigma, Cat#G8540) and 10 mM glucose (Sigma, Cat#G8769) for 

the Mitochondria Stress Tests. Cells were subsequently incubated at 37°C for 1 hour before 

being loaded into a Seahorse XFe24 Analyzer. Data analysis was performed using Wave 

(Agilent) software. 

Flow cytometry 
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The live cell population was estimated using 10 µg/ml propidium iodide dye (Signa, Cat#P4170) 

and a BD LSRFortessa flow cytometer. Total cellular ROS was estimated using the 

DCFDA/H2DCFDA - Cellular ROS Assay Kit (Abcam Cat# ab113851) as per the 

manufacturer's instructions. Briefly, 2 × 105 cells were incubated with 20 µM of DCFDA dye for 

30 minutes at 37°C. After incubation, cells were analyzed using a BD LSRFortessa flow 

cytometer. Mitochondria-specific reactive oxygen species (ROS) were estimated using MitoSOX 

Red (Molecular probes, Cat#M36008) as per the manufacturer's instructions. Briefly, 2 × 105 

cells were incubated with 5 µM of MitoSoX Red dye for 10 minutes at 37°C. After incubation, 

cells were analyzed on a BD LSRFortessa flow cytometer. 

 The Mito-mKeima-based mitophagy assay was performed as per the published protocol 

(8). Briefly, pHAGE-mt-mKeima plasmid (a generous gift from Dr. Richard Youle) was 

transfected into WT or CBFB_KO MCF10A cells using Lipofectamine 3000 (Thermo Fisher, 

Cat# L3000001). After 24 hours, cells were harvested and analyzed using a BD FACSymphony 

flow cytometer. Mito-mKeima, which localizes to the matrix of mitochondria, excites at 488 nm 

and 561 nm at pH 4 and pH 7, respectively. Therefore, excitation shifts from 561 nm to 488 nm 

in lysosomes. Emission was collected at 620 nm. Data analyses were performed using FlowJo. 

ATP estimation   

Total cellular ATP levels were measured using the Luminescent ATP Detection Assay Kit 

(Abcam, Cat# ab113849) as per the manufacturer's instructions.   

Generation of stable cell lines 

pBABE-puro-mCherry-EGFP-LC3B was a gift from Jayanta Debnath (Addgene plasmid # 

22418; http://n2t.net/addgene:22418; RRID:Addgene_22418). pBabe-puro-HA-PIK3CA-
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H1047R plasmid was a gift from Jean Zhao (Addgene plasmid # 12524; 

http://n2t.net/addgene:12524; RRID:Addgene_12524). Retrovirus-based plasmids were 

packaged using Plat-A cells (Cell Biolabs, Cat# RV-102; RRID:CVCL_B489), and the 

supernatant containing retroviruses was collected at 48 and 72 hours post-transfection and 

combined. Cells were incubated with retrovirus supernatant and 6 µg/ml polybrene for 

transduction. After 24 hours, cells were replaced with fresh media containing selection 

antibiotics to generate stable cell lines. 

Autophagic flux assay 

Stable MCF10A cell lines carrying pBABE-puro-mCherry-EGFP-LC3B were established as 

described in the section of generation of stable cell lines. Cells were imaged using a Zeiss LSM 

780 microscope with a 63X oil immersion objective lens,  as described in the confocal section. 

mCherry and EGFP signals were analyzed on a BD LSRFortessa flow cytometer. 

Genetic interaction analysis of mutations  

Genetic interactions of the top 21 mutated genes in breast cancer were calculated as described 

previously(9). We calculated the genetic interactions between the top 21 mutations using the 

TCGA datasets. We used Fisher's exact test to report the genetic interactions with a p-value less 

than 0.05. Genetic interaction between two gene mutations with an odds ratio larger than one is 

considered co-occurring, while interaction with an odds ratio less than one indicates mutually 

exclusive. Oncoprints were generated using R.   

Proteomic analysis of proteins encoded by the 21 mutated genes   

Physical interactions of proteins encoded by the top 21 breast cancer mutated genes were 

extracted from a public dataset mapping the interactomes of breast cancer-related proteins (10). 
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The dataset was a union of interactomes from three breast cell lines. Cytoscape was used to plot 

interactions. 

Genetically engineered mouse models 

All the mice were bred and maintained according to guidelines of the Institutional Animal Care 

and Use Committee (IACUC)-approved protocols of the National Cancer Institute (NCI). 

Breeder pairs of Gt(ROSA)26Sortm1(Pik3ca*H1047R)Egan/J (Stock No: 016977, RRID:IMSR_JAX:016977), 

Cbfbtm2.1Ddg/J (Stock No: 028550, RRID:IMSR_JAX:028550), and Tg(MMTV-Cre)4Mam/J 

(Stock No: 003553, RRID:IMSR_JAX:003553) strains were purchased from Jackson Laboratory. 

MMTV-Cre mice lines were genotyped using real time PCR [forward primer (FP): 5’-

CCGGTTATTCAACTTGCACC-3' and reverse primer (RP) 5’-

CTGCATTACCGGTCGATGCAAC- 3']. CBFB deletion was confirmed using real-time PCR 

with primers: FP: 5’-GCGCGCCAGTCACTTGTT-3' and RP: 5'- 

ATCCCACGAACCGAACCA-3'. Pik3ca mice were genotyped using primers; FP: 5'- 

AAAGTCGCTCTGAGTTGTTAT-3', RP1: 5'- GCGAAGAGTTTGTCCTCAACC -3' for 

mutant Pik3ca and RP2: 5'- GGAGCGGGAGAAATGGATATG -3' for wild type Pik3ca. All the 

mice for the cohort study were collected by crossing MMTV-Cre; Cbfbfl/+Pik3caH1047R/+ 

genotypes of mice. All the animals in cohort were monitored regularly and euthanized as per the 

criteria in the approved animal study protocol (i.e., tumor reaches 2 cm in diameter or mice 

present severe health issues like breathing problems, inflammation, or loss of more than 15% of 

body weight). Harvested tumors were weighed, dissected into small pieces, and fixed in 10% 

neutral buffered formalin for 16 hours. Formalin-fixed tumors were embedded in paraffin blocks 

and stained with hematoxylin and eosin by Histoserv, Inc (Germantown, MD, USA). For 

RNAseq, RNA was extracted from freshly isolated tumors and quality-controlled by using the 
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TapeStation (Agilent) to make sure that the RNA integrity number (RIN) was larger than 7. 

RNAseq was performed by the Next Generation Sequencing Core at the Center of Cancer 

Research, National Cancer Institute.  

Clustering based on transcriptome 

All analyses were carried out in NIH biowulf2 high-performance computing environment. We 

used the following R packages for the analyses: Seurat_3.1.4 and ComplexHeatmap_2.10.0. We 

have 18 mouse primary mammary tumors from a GEMM with Cbfb and Pik3ca mutations in the 

current study and 27 primary mouse tumors and lung metastasis from a previous study (a subset 

of GSE150928). Human breast cancer is well defined and can be classified into 5 subtypes: 

LumA, LumB, HER2, Basal, and Normal. We used 89 TCGA tumors, which were identified 

from LumA, LumB, HER2, and Basal subtypes that are the top 10% of samples closest to the 

centroid of each of the four subtypes. We used 39 genes of the PAM gene list that have 

homologs in both human and mouse reference genomes. To integrate mouse and human data, we 

used the IntegrateData function from the Seurat package to perform data harmonization and 

normalization across multiple datasets. The heatmap was generated with the ComplexHeatmap 

package. 

Tumor xenografts and treatment 

Studies were approved by the Institutional Animal Care and Use Committee (IACUC) of the 

National Cancer Institute (NCI), NIH. For CBFB_KO, PIK3CA(H1047R), or 

CBFB_KO+PIK3CA(H1047R) MCF10A xenografts, 2 million cells were resuspended in 

DMEM/F12 media supplemented with 25 mM HEPES (pH 7.4). The cell suspension was mixed 

with 25 µl Matrigel and was transplanted subcutaneously in NSG mice. For HCQ treatment, 
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NSG mice transplanted with CBFB_KO MCF10A cells (transduced with pLenti6/V5_luciferase) 

were randomized into control and treatment groups after consistent luciferase signal was detected 

using the IVIS® Spectrum in vivo imaging system (PerkinElmer). HCQ was administered to the 

mice via intraperitoneal injection (IP) at 50 mg/kg in 0.1 ml sterile PBS once daily for 3 weeks. 

For single (HCQ or BYL719) and combinatorial (both HCQ and BYL719) treatments, NSG mice 

bearing palpable CBFB_KO+PIK3CA(H1047R) MCF10A xenografts were randomly separated 

into four groups based on tumor size, which were treated as follows: 1) vehicle group: sterile 0.1 

ml PBS via IP plus 0.1 ml 0.5% (w/v) sterile methylcellulose via oral gavage, once daily for 3 

weeks; 2) HCQ group: 50 mg/kg in 0.1 ml sterile PBS via IP, once daily for 3 weeks; 3) BYL719 

group: 30 mg/kg in 0.1 ml sterile 0.5% (w/v) methylcellulose solution via oral gavage, daily for 

3 weeks; 4) Combo group: the combination of 2) and 3). Mice were euthanized one day after the 

last treatment.  

For single and combinatorial treatment of MCF7 xenografts and PDX (HCI-017, a kind 

gift of Dr. Alana Welm), 5 to 6-week-old (for MCF7) or 4-week-old (for the PDX) NSG mice 

were first implanted with 0.72 mg 60-day slow-release 17β-estradiol pellets (Innovative 

Research of America, Cat#:SE-121). Subsequently, 500,000 MCF7 cells were resuspended in 25 

µl PBS and mixed with 25 µl Matrigel before being injected into the mammary fat pad; for the 

PDX, 4 mm X 2 mm fragments were transplanted into 3mm X 3mm pockets generated in the 

mammary fat pad. After palpable tumors were detected, NSG were randomized into four groups 

(vehicle, HCQ, BYL719, or combo), and the treatment schedule and dosing were the same as 

described above for MCF10A-derived xenografts. 

Immunohistochemistry  
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FFPE slides were deparaffinized using xylene and serially hydrated using a decreasing 

percentage of alcohol (100% to 50%). Antigens were retrieved by sub-boiling temperature in 10 

mM sodium citrate for 20 minutes (Ki-67) and 30 minutes (cCasp3). After cooling, endogenous 

peroxidases were inactivated by incubating in 3% H2O2 for 10 minutes. Subsequently, slides 

were washed with PBS containing 0.1% Tween 20 and blocked with goat serum. After blocking, 

slides were incubated overnight with primary antibodies at 4ºC. The next day, slides were 

washed with PBS and incubated with a corresponding biotinylated secondary antibody 

(VECTASTAIN ABC kits, Cat# PK-4001 or BA-2000) for 30 minutes. Further, slides were 

incubated in biotin-avidin solution for 30 minutes at room temperature. The color was developed 

by incubating slides in DAB solution for 5-10 minutes. 

Anchorage-independent growth assay  

 Anchorage-independent growth assays or soft agar colony assays were performed as described 

previously (4,9). Briefly, we first solidified a lower layer of 0.5 % agarose (Sea Kem LE Agarose, 

Cat# 50004) in a 6-well plate. Subsequently, we mixed 2,500 single cells with warm (37ºC) 0.35% 

agarose in a culturing medium and quickly added the mixture on top of the 0.5% agarose lower 

layer. Colonies were counted and imaged with a 20X magnification on an Axiovert 25 

microscope (Zeiss) at 15 and 30 days after plating. Transformation percentage was calculated by 

dividing the number of colonies formed by the total number of plated cells. The colony size was 

calculated based on images of twenty randomly selected colonies from duplicate wells. Three 

biological repeats were performed for each anchorage-independent growth assay. 

Drug synergy study 

Five thousand cells were plated in 96-well plates and treated with varying concentrations of 

drugs BYL719 and HCQ either alone or in combination (Combo) at various concentrations. At 
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72 hours after the treatment, cell viability was analyzed using a MTT-based (Cayman chemicals, 

Cat#21795) cell viability assay. IC50 values for each drug alone or in combination were 

computed using GraphPad and then used to calculate the Combination Index (CI) for estimating 

synergy (11). CI=(D)1/(Dx)1+(D)2/(Dx)2, where (Dx)1 and (Dx)2 are concentrations for drug 1 

and drug 2, respectively, used alone to achieve a specific effect (50% killing in this study); (D)1 

and (D)2 are concentrations for drug 1 and drug 2, respectively, to achieve the same effect. A CI 

of less than 1 indicates synergy. R synergyFinder library was used to calculate synergy scores 

with Bliss, HSA, and Loewe reference models for each combination treatment (12). 

Statistical analyses 

Genetic interaction analysis in breast cancer was analyzed using Fisher's exact test. Survival 

analysis of MMTV-Cre;Cbfbfl/+;Pik3caH1047R/+ versus MMTV-Cre;Cbfb+/+;Pik3caH1047R/+ 

genetically engineered mouse models (GEMM) were performed using GraphPad. RIP assay, soft 

agar colony assay and ATP estimation data were analyzed using the two-tailed t-test, assuming 

equal variance in the two groups. Tumor weight and tumor volume in xenograft assays were 

analyzed using the non-parametric Mann-Whitney test. 

Data Availability 

The RNAseq data in this study have been deposited into the Gene Expression Omnibus (GEO) 

database (Accession: GSE206598). Reagents including mouse strains generated from this study 

are available upon request.   
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Results 

Integrated analyses of multiomics data to identify functional interactions of cancer genes in 

breast cancer 

We hypothesized that a mutated gene pair with a genetic interaction (co-occurring or 

mutually exclusive) and physical interaction between their protein products plays a vital role in 

cancer progression. To test this hypothesis, we performed integrated analyses of genetic 

interactions of mutated genes in breast cancer and the proteomics interacting network of protein 

products encoded by these genes. Fisher’s Exact Test was used to test pairwise genetic 

interaction of the top 21 mutated genes in the TCGA dataset (Fig. 1A). Among the 210 possible 

pairs, 20 were co-occurring and 10 were mutually exclusive (Supplementary Table 1), indicating 

that these gene pairs likely functionally interact in breast cancer.  

 We next utilized a public proteomics dataset that identifies the binding partners of 

proteins encoded by breast cancer-related genes (10). Among the 40 proteins analyzed in this 

dataset, 14 overlapped with the 21 genes used in our genetic interaction analyses (Fig. 1A and 

Supplementary Table 2). We filtered the list of all protein interactions to include only those 

involving the proteins encoded by the top 21 breast cancer genes and detected 67 non-redundant 

interactions (Fig. 1B and Supplementary Table 2). Among these protein pairs, 12 were also 

identified in our genetic interaction analyses (Fig. 1C). Although all these pairs may play a role 

in breast tumorigenesis, we chose to focus on PIK3CA-CBFB because the response rate to 

PIK3CA inhibitor, BYL719, needs further improvement. In addition, CBFB is highly mutated in 

breast, ovarian, prostate cancer, and acute myeloid leukemia; however, its functions in cancer 

remain largely unknown. Therefore, we reason that by studying the functional interaction 
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between PIK3CA and CBFB, we may gain new insights that can be leveraged to enhance the 

efficacy of PIK3CA inhibitors and elucidate novel functions of CBFB in breast cancer.  

 

Cooperation of CBFB LOF and mutant PIK3CA in human breast tumorigenesis 

Previous studies have established that CBFB mutations in breast tumors are LOF (4) and 

PIK3CA mutations are oncogenic GOF (13). In both TCGA and METABRIC datasets, CBFB 

and PIK3CA mutations significantly co-occur (Fig. 1D). Thus, we hypothesized that CBFB LOF 

and mutant PIK3CA cooperate to promote breast tumor progression. To test this, we generated 

MCF10A cell lines expressing mutant PIK3CA (H1047R, a hotspot GOF mutation) or CBFB 

knockout (CBFB_KO) either alone or together in the same cell. CBFB_KO or PIK3CA (H1047R) 

alone transformed MCF10A cells as monitored by anchorage-independent growth assays 

(Supplementary Fig. 1A-B). However, MCF10A cells carrying both CBFB_KO and PIK3CA 

(H1047R) were significantly more effective in colony-forming than the other two lines. In a 

tumor formation assay, transplanted cells with both PIK3CA (H1047R) and CBFB_KO formed 

larger tumors and led to shorter survival of the mice than PIK3CA (H1047R) or CBFB_KO cells 

(Fig. 1E-G). Together, these data demonstrate that mutations in PIK3CA cooperate with CBFB 

loss to promote the transformation of human epithelial cells. 

 

Cooperation of CBFB LOF and mutant PIK3CA in mouse mammary tumorigenesis 

To test whether the functional interaction of CBFB LOF and mutant PIK3CA is 

conserved in mice, we generated genetically engineered mouse models (GEMMs) (Fig. 2A). We 

deleted the Cbfb gene in mammary epithelium using MMTV-driven Cre recombinase 
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(hereinafter called the C model). Homozygous or heterozygous deletion of Cbfb did not induce 

the formation of mammary tumors even after a long median survival (>450 days) 

(Supplementary Fig. 2A). However, some mice developed lymphomas (Supplementary Fig. 2B). 

These results suggest that Cbfb deletion alone is insufficient to initiate mammary tumorigenesis. 

To express mutant Pik3ca in Cbfb deficient mice, we bred the C model with the R26-

Pik3caH1047R transgenic mouse line, which carries a Pik3caH1047R allele downstream of a floxed 

STOP cassette in the ROSA26 (R26) locus (hereinafter called Pik3caH1047R). Mice homozygous 

for the Pik3caH1047R allele (Pik3caH1047R/H1047R) were born at a lower than predicted Mendelian 

ratio for unknown reasons; therefore, heterozygous mice (Pik3caH1047R/+) were used for 

subsequent studies. Most MMTV-Cre;Cbfbfl/fl;Pik3caH1047R/+ mice developed severe 

inflammation around the eye and genital areas and had to be euthanized before palpable tumors 

formed, although a fraction of these mice developed small mammary tumors. Due to this 

complication, we focused on MMTV-Cre;Cbfbfl/+;Pik3caH1047R/+ (hereinafter called the CP model) 

and MMTV-Cre;Cbfb+/+;Pik3caH1047R/+ (hereinafter called the P model) mice.  

Nulliparous CP and P mice had similar median survival: 258 and 285 days, respectively 

(p=0.32) (Supplementary Fig. 2C). Only 34% of P mice and 40% of CP mice developed 

mammary tumors (Supplementary Fig. 2D). In contrast, 100% of multiparous CP mice versus 25% 

multiparous P mice developed mammary tumors (Fig. 2B). Multiparous CP mice also had 

shorter median survival (182 days) and a higher tumor burden than multiparous P mice (Fig. 2C-

D). Due to the high mammary tumor incidence in multiparous CP mice, we focused our studies 

on multiparous P and CP mice. Molecular profiling using the PAM50 signature showed that CP 

tumors mainly clustered with luminal-type A human breast tumors (Fig. 2E). In support of this, 

immunohistochemistry (IHC) indicated that CP tumors were estrogen receptor- (6.5-18.8%) and 
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progesterone receptor-positive (1.0-2.8%), while P tumors were only estrogen receptor-positive 

(3.8-12.7%) (Fig. 2F). This observation is consistent with the TCGA data showing that CBFB 

mutations are enriched in hormone receptor-positive tumors (14). However, it is unknown 

whether tumors from the CP model are estrogen-dependent, which requires future investigation. 

Interestingly, MCF10A cells carrying CBFB_KO and PIK3CA(H1047R) expressed estrogen 

receptor alpha (ERα), as opposed to parental, CBFB_KO, or PIK3CA(H1047R) MCF10A cells 

(Supplementary Fig. 2E).  

Histology analyses demonstrated that most P and CP tumors were adenosquamous 

carcinoma (Supplementary Fig. 2F). Genotyping analysis showed that CP tumors had a loss of 

heterozygosity (LOH) of the Cbfb gene (Supplementary Fig. 2G), which also occurs in human 

breast tumors (Supplementary Fig. 2H). Thus, we have developed a GEMM (the CP model) that 

recapitulates the cooperation of CBFB deficiency and mutant PIK3CA in human breast tumors.  

 

CBFB and its binding partner, hnRNPK, localize to mitochondria and bind to 

mitochondrially encoded mRNA 

We next investigated the functional interaction between CBFB and PIK3CA in breast 

tumors and focused primarily on CBFB, as its role in breast cancer is relatively unknown. CBFB 

has been described as a transcription cofactor for RUNX proteins (15). However, we recently 

identified both nuclear and cytoplasmic functions for CBFB in breast cancer cells and found that 

RUNX1 plays a crucial role in maintaining the nuclear levels of CBFB (4,9). In the cytoplasm, 

CBFB binds to hundreds of mRNAs through its RNA-binding partner hnRNPK (4). RUNX1 

shuttles CBFB into the nucleus, where these two proteins form a transcriptional complex to 
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regulate gene expression (4,9). To identify the main downstream pathway(s) regulated by CBFB, 

we subjected CBFB-bound mRNAs (Supplementary Table 3) to IPA (Ingenuity Pathway 

Analysis). The top enriched pathways were Wnt/beta-catenin signaling, mitochondrial 

dysfunction, RAR (retinoic acid receptor) activation, oxidative phosphorylation, and aryl 

hydrocarbon receptor signaling (Fig. 3A, top). We chose to study the function of CBFB in 

mitochondria for two reasons. First, CBFB and hnRNPK bound to the majority of 

mitochondrially encoded mRNAs (mt-mRNAs) (Fig. 3A, bottom, and Fig. 3B). Second, we 

performed a Gene Ontology analysis of CBFB and hnRNPK-bound mRNAs. Among the top 10 

enriched GO terms, six were related to adenosine triphosphate (ATP) generation, a major 

function of mitochondria (Supplementary Table 3).  

To validate the binding of mt-mRNAs to CBFB and hnRNPK, we used RNA 

immunoprecipitation (RIP) followed by real-time PCR. Most (12 out of 13) mt-mRNAs were 

enriched in the CBFB pull-down (Supplementary Fig. 3A). Importantly, the association was not 

detected in CBFB knockout (KO) MCF10A cells, indicating the CBFB antibody is specific. In 

addition, CBFB depletion reduced the binding of hnRNPK with mt-mRNAs (Supplementary Fig. 

3B). Exogenous expression of CBFB in MCF7 cells, a breast cancer cell line that endogenously 

expresses less CBFB than MCF10A cells (Supplementary Fig. 3C), enhanced the binding of 

hnRNPK to mt-mRNAs (Supplementary Fig. 3D). In addition, we observed similar results in 

BT474 cells (Supplementary Fig. 3E). Furthermore, knockdown of CBFB in MDA-MBA-361 

cells (Supplementary Fig. 3F) decreased the binding of hnRNPK to mt-mRNAs (Supplementary 

Fig. 3G). Together, these data confirm the binding of CBFB and hnRNPK to mt-mRNAs in 

human breast cells. 
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Binding to mt-mRNAs suggests that CBFB and hnRNPK localize to mitochondria 

because mt-mRNAs are found in the mitochondrial matrix. Consistent with this possibility, both 

CBFB and hnRNPK co-localized with the mitochondrial marker COX IV in MCF10A cells (Fig. 

3C-D). In addition, cell fractionation followed by immunoblotting detected both CBFB and 

hnRNPK in the mitochondrial fraction (Fig. 3E), and immunoprecipitation verified their 

interaction in this fraction (Fig. 3F). Thus, CBFB and hnRNPK localize to and interact in 

mitochondria. 

CBFB has no RNA binding domain and relies on hnRNPK to interact with RNAs (4). To 

corroborate the direct binding of hnRNPK to mt-mRNAs, we re-analyzed a public hnRNPK 

eCLIP dataset from the ENCODE project (16), which maps RNA binding sites of hnRNPK in 

K562 cells, a myelogenous leukemia cell line. This independent dataset showed that hnRNPK 

directly binds to mt-mRNAs (Fig. 3G), and the hnRNPK binding sites within these mt-mRNAs 

contained poly-cytosine (poly-C) tracts, the known motif for hnRNPK (4). This analysis suggests 

that CBFB binds to mt-mRNAs through hnRNPK. 

 

CBFB moonlights as a regulator of mitochondrial translation 

To search for the putative function of CBFB in mitochondria, we performed BioID 

(proximity-dependent biotin identification) to identify proteins that are in close proximity to and 

likely to interact with CBFB in cells (17). These proteins are referred to as the “CBFB 

interactome” hereinafter. We identified 838 proteins (enrichment > 2-fold) in the CBFB 

interactome (Fig. 4A and Supplementary Table 4). Among them, 39 likely localize to 

mitochondria based on MitoCarta 3.0 (18) (Fig. 4B). Hypergeometric distribution showed that 
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the overlap of the CBFB interactome and MitoCarta 3.0 is not random (p=0.017), supporting the 

notion that CBFB plays a functional role in mitochondria. Two proteins are likely involved in the 

mitochondrial translocation of CBFB: TIMM50, a subunit of the TIM23 translocase complex 

localized to the mitochondrial inner membrane, and TOMM40, a subunit of the translocase in the 

mitochondrial outer membrane. Additionally, TUFM (also called mtEF-Tu) and several 

mitoribosome subunits, MRPS11, MRPS28, and MRPS5, were identified.  

TUFM is an essential elongation factor in mitochondrial translation (19). Therefore, we 

first verified the interaction between CBFB and TUFM. In addition to BioID followed by 

immunoblotting (Fig. 4C), we were able to co-immunoprecipitate CBFB and TUFM (Fig. 4D). 

We also performed proximity ligation assay (PLA) in MCF10A cells (Fig. 4E-F) and four in vivo 

models: KRAS-driven (Supplementary Fig. 4A) and PIK3CA(H1047)-driven MCF10A 

xenografts models (Supplementary Fig. 4B), normal human breast tissue (Supplementary Fig. 

4C), and GEMMs (Supplementary Fig. 4D). There was no difference in PIK3CA expression in P 

and CP tumors, while CBFB expression was very low in CP tumors (Supplementary Fig. 4E). In 

all these experiments, we detected the interaction between CBFB and TUFM, indicating that this 

interaction occurs in multiple cell contexts. 

The interaction between CBFB and TUFM suggests that CBFB regulates mitochondrial 

translation. To test this possibility, we applied a newly developed in situ imaging method to 

measure mitochondrial translation (6,20). Using this approach, we observed that mitochondrial 

translation was reduced about 3-fold in CBFB_KO MCF10A cells as compared to WT (Fig. 4G-

H). This result was verified by in-gel fluorescence imaging (Fig. 4I). Because this in situ imaging 

assay cannot be performed in vivo, we used the correlation between CBFB and mt-proteins 

(assessed by IHC) as a proxy for mitochondrial translation regulation by CBFB. Among the 
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several mt-protein antibodies tested, only MT-CO1 antibody performed well in IHC. In P and CP 

tumors, we observed a strong correlation between CBFB and MT-CO1 protein levels (Fig. 4J 

and Supplementary Fig.  4F).  

The steady-state levels of several mitochondrially encoded proteins (mt-proteins) were 

also lower in CBFB_KO cells than in WT cells (Fig. 4K). In contrast, other mitochondrially 

localized proteins (COX IV, HSP60, and Cytochrome C), whose mRNAs were not bound by 

CBFB and hnRNPK, had comparable levels between CBFB KO and WT cells. The specificity 

for CBFB- and hnRNPK-bound targets led us to hypothesize that CBFB regulates mitochondrial 

translation by modulating the binding of TUFM to mt-mRNAs. Indeed, RIP showed that CBFB 

depletion reduced the binding of TUFM to mt-mRNAs (Fig. 4L). The reduced binding of TUFM 

to mt-mRNAs was not due to the change of TUFM protein levels (Supplementary Fig. 4G). 

Similarly, P and CP tumors displayed no difference in TUFM expression (Supplementary Fig.  

4H). Given its role in translating almost the whole mitochondrial genome, CBFB also functions 

as a direct regulator of mitochondrial translation.  

We next examined whether mitochondrial translation is dysregulated in breast cancer 

cells. MCF7 and BT474 cells endogenously express lower levels of CBFB than MCF10A cells 

(4,9). Therefore, we overexpressed CBFB in these two cell lines and found that the 

overexpression (OE) increased the steady-state levels of mt-proteins (Supplementary Fig. 4I), 

suggesting that mitochondrial translation is downregulated in these breast cancer cells. Indeed, in 

situ imaging of mitochondrial translation showed that CBFB_OE enhanced mitochondrial 

translation in MCF7 cells (Fig. 4M and Supplementary Fig. 4J). These results suggest that 

dysregulation of CBFB-regulated mitochondrial translation is reversible in breast cancer cells.  
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Mitochondrial translation dysregulation causes mitochondrial defects and metabolic 

reprogramming 

All mt-proteins are essential subunits of the five complexes in the electron transport chain 

(ETC). Thus, we reasoned that mitochondrial translation defects would cause disruption of the 

ETC and loss of mitochondrial membrane potential. To test this, we stained WT and CBFB_KO 

MCF10A cells with MitoTracker Green and MitoTracker Red, which both stain mitochondria 

but are membrane potential independent or dependent, respectively (Fig. 5A). While we did not 

observe an obvious difference in the MitoTracker Green signal in WT and CBFB_KO MCF10A 

cells, the MitoTracker Red signal was greatly reduced in CBFB_KO cells (Fig. 5A-B), 

suggesting that mitochondrial translation downregulation promotes the loss of mitochondrial 

membrane potential. 

 We next examined the relationship between mitochondrial translation and mitochondrial 

fitness using the Seahorse Cell Mito Stress Test. Interestingly, CBFB_KO cells had higher 

oxygen consumption, elevated basal respiration, and reduced spare respiration capacity than WT 

cells (Fig. 5C-D), potentially due to proton leak caused by ETC defects. Consistent with this, 

CBFB_KO cells had less ATP than WT cells (Fig. 5E), suggesting a decoupling of oxygen 

consumption and energy generation. In addition, ROS levels in the whole cell (DCFDA) and 

mitochondria (MitoSOX) were higher in CBFB_KO cells than WT cells (Fig. 5F), indicating that 

mitochondria in CBFB_KO cells are defective, diverting oxygen from ATP generation to ROS. 

Mitochondrial fission also occurs as a consequence of mitochondrial damage and facilitates 

mitophagy-mediated quality control (21). Using super-resolution microscopy and 3-D 

reconstruction, we observed that mitochondria in CBFB_KO cells had a higher degree of fission 
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than WT cells (Fig. 5G), further supporting the notion that CBFB deficiency causes 

mitochondrial defects. 

We hypothesized that CBFB_KO cells utilize aerobic glycolysis as a compensatory 

energy generation mechanism due to their defective oxidative phosphorylation. To test this, we 

performed the Seahorse Glycolysis Stress Test. Indeed, we observed that the CBFB_KO cells 

had higher glycolysis, glycolytic capacity, and glycolytic reserve (Fig. 5H-I). Thus, defective 

mitochondrial translation is associated with metabolic reprogramming, including the Warburg 

effect.  

 

Mitochondrial translation defects lead to elevated autophagy/mitophagy and render cells 

sensitive to autophagy inhibition 

Autophagy often occurs in response to metabolic stress. Given the profound metabolic 

changes caused by mitochondrial translation dysregulation, we tested whether autophagy is 

altered in CBFB_KO cells using an autophagy flux assay (22). We stably transduced WT and 

CBFB_KO MCF10A cells with LC3B fused to tandem mCherry and enhanced GFP (EGFP) 

fluorescent proteins. Because the EGFP, but not the mCherry, signal is suppressed by an acidic 

environment, cells with elevated autophagy have a lower EGFP signal than cells with normal 

autophagy, which have a balanced mCherry-to-EGFP ratio. CBFB_KO cells had a similar 

mCherry signal but a lower EGFP signal than WT cells (Fig. 6A and Supplementary Fig. 5A), 

suggesting that CBFB_KO cells had enhanced autophagy. In addition, the mCherry signal was 

more punctate in CBFB_KO cells than in WT cells, indicating that most mCherry-EGFP-LC3B 

in CBFB_KO cells formed autolysosomes (Fig. 6A). Consistent with the autophagy influx assay, 
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immunoblotting showed that LC3-I and LC3-II (lipidated form of LC3) levels were higher in 

CBFB_KO cells (Fig. 6B). Futher, the LC3 signal was higher in CP tumors than in P tumors (Fig. 

6C), suggesting that the elevated autophagy upon CBFB deletion also occurs in breast tumor in 

vivo.  

We next examined the molecular mechanisms underlying enhanced autophagy. One of 

the initial steps in autophagy is ULK1 (Unc-51 like autophagy activating kinase 1) 

phosphorylation (23). Ulk1 phosphorylation at serine 555 (phos-S555) by AMPK (adenosine 

monophosphate-activated protein kinase) promotes autophagy, while phosphorylation of serine 

757 (phos-S757) by mTOR (the mammalian target of rapamycin) inhibits autophagy (23,24). We 

reasoned that the lower levels of ATP in CBFB_KO cells (Fig. 6D) would activate AMPK, thus 

promoting subsequent ULK1 phos-S555 and autophagy. Using immunoblotting, we observed 

that AMPK phos-T172 levels were higher in CBFB_KO cells than in WT cells (Fig. 6D), 

suggesting higher AMPK activation in CBFB_KO cells. In addition, ULK1 phos-S555 levels 

were higher in CBFB_KO cells than in WT cells, while ULK1 phos-S757 levels were lower (Fig. 

6D). These results suggest that mitochondrial translation dysregulation enhances autophagy via 

the AMPK-ULK1 axis.  

ULK1 phos-S555 is also required for mitophagy, a type of autophagy to remove damaged 

mitochondria to promote survival (25). Therefore, we examined whether mitophagy is 

upregulated in CBFB_KO cells by performing co-staining of COX IV, a mitochondrial marker, 

and LAMP1, a lysosomal marker. The proportion of mitochondria co-localized with lysosomes 

was higher in CBFB_KO cells than in WT cells (Fig. 6E and Supplementary Fig. 5B). Single-

cell analysis using machine learning gave a similar result (Fig. 6F and Supplementary Fig. 5C). 

To further examine mitophagy, we used two independent approaches: a quantitative flow 
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cytometry-based mitophagy assay, mito-mKeima (8), and electron microscopy. Both methods 

showed that mitophagy was higher in CBFB_KO cells than WT cells (Fig. 6G and 

Supplementary Fig. 5D). Together, these data indicate that CBFB deficiency-induced 

mitochondrial translation defects are associated with elevated mitophagy. 

Since a primary function of autophagy/mitophagy is to promote cell survival upon 

metabolic stress throughout tumor progression, we tested the effect of autophagy inhibition on 

the survival of WT and CBFB_KO MCF10A cells in vitro and tumor growth in vivo. Using 

hydroxychloroquine (HCQ), a general autophagy inhibitor, we observed that autophagy 

inhibition increased cell death of CBFB_KO cells, but not WT cells, in vitro (Supplementary Fig. 

5E). In addition, CBFB_KO MCF10A cells form tumors in immunocompromised NSG (NOD-

scid, IL2R gammanull) mice (4). Therefore, we tested the effect of HCQ on tumor growth and 

found it decreased the growth of CBFB_KO xenografts (Fig. 6H-I and Supplementary Fig. 5F). 

These results indicate that cells with defective CBFB-regulated mitochondrial translation become 

dependent on autophagy/mitophagy for survival. This autophagy dependence for survival 

provides an opportunity for therapeutic targeting.   

 

Mutant PIK3CA does not alter the function of CBFB in mitochondrial translation  

The PI3K signaling pathway also regulates cancer cell metabolism (26). Therefore, we 

tested whether the PIK3CA (H1047R) mutant modulates the role of CBFB in mitochondrial 

translation. Using the in situ mitochondrial translation assay, we found that PIK3CA (H1074R) 

did not alter CBFB-regulated mitochondrial translation in MCF10A cells (Supplementary Fig. 

6A-B). Next, we tested whether PIK3CA (H1047R) affects mitochondrial respiration and 
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glycolysis. PIK3CA (H1047R) overexpression alone did not affect mitochondrial respiration and 

did not alter the mitochondrial stress observed for CBFB_KO cells (Supplementary Fig. 6C). Of 

note, PIK3CA (H1047R) boosted glycolysis similarly to CBFB deletion (Supplementary Fig. 

6D), which is consistent with the classical role of PI3K signaling in enhancing glucose uptake 

(26). However, it did not further increase glycolysis in CBFB_KO cells. In addition, PIK3CA 

(H1047R) did not alter CBFB deficiency-induced autophagy (Supplementary Fig. 6E). Similarly, 

CBFB had no effect on PIK3CA (H1047R) activity, as indicated by phospho-AKT levels 

(Supplementary Fig. 6E). Furthermore, IHC analyses showed MCF10A xenografts driven by 

CBFB KO and by both CBFB KO and PIK3CA (H1047R) overexpression had similar levels of 

downregulation of MT-CO1 and upregulation of autophagy (Supplementary Fig. 6F). Together, 

these results indicate that mutant PIK3CA does not modulate the CBFB-mitochondrial 

translation-autophagy axis.  

Autophagy and PIK3CA inhibitors synergistically kill breast cancer cells in vitro 

Because mitochondrial translation dysregulation renders breast tumor cells addicted to 

autophagy for survival (Fig. 6H-I and Supplementary Fig. 5D-E), we investigated whether we 

could exploit this vulnerability to develop new therapeutic strategies for breast cancer. We first 

tested whether PIK3CA (H1047R) alters the dependence of CBFB_KO MCF10A cells on 

autophagy for survival in vitro. HCQ treatment for 24 hours increased cleaved caspase 3 (cCasp3) 

levels in CBFB_KO, but not WT, MCF10A cells (Fig. 7A). When PIK3CA (H1047R) was 

present, the treatment induced higher levels of cCasp3 (Fig. 7A). We then tested another two 

autophagy inhibitors, MRT68921 (ULK1/2 inhibitor) and SBI-0206965 (ULK1 inhibitor). 

Similar to HCQ, both inhibitors induced apoptosis, further enhanced by PIK3CA (H1047R) 

(Supplementary Fig. 7A-B). These results suggest that the presence of mutant PIK3CA increases 

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/doi/10.1158/0008-5472.C

AN
-22-2525/3270461/can-22-2525.pdf?casa_token=ySLPaa7C

ZxU
AAAAA:sp3M

PG
5vp4vO

7O
vfAH

O
zq-ljkM

7Pfqo_Ybow
m

xBIPlV_n-am
Q

yv19G
Tw

Ar8Zeae8ZKR
-5N

ck by U
niversity of G

ranada user on 13 M
arch 2023



36 
 

the dependency of CBFB-deficient cells on autophagy for survival, therefore providing a 

rationale for combining autophagy and PIK3CA inhibitors.  

We next assessed the efficacy of autophagy and PIK3CA inhibitor combination treatment 

on breast cancer cell killing. HCQ was used as the autophagy inhibitor in our combination 

studies because it is an FDA-approved drug for malaria and its safety profile is well-documented. 

For inhibiting PIK3CA, we used BYL719 (PIQRAY or Alpelisib), a recent FDA-approved first-

in-class PIK3CA-specific inhibitor for treating breast cancer. HCQ and BYL719 had a 

synergistic killing effect in both MCF7 cells, which express low levels of CBFB and carry a 

PIK3CA mutation, and CBFB_KO MCF10A cells expressing PIK3CA (H1047R) based on 

several algorithms to calculate synergy: the Combination Index (CI) approach (11), Bliss, HSA 

(Highest single agent), and Loewe (12) (Fig. 7B-C and Supplementary Fig. 8A-B). Therefore, 

these two drugs can synergistically kill breast cancer cells in vitro.  

 

Autophagy and PIK3CA inhibitors synergistically inhibit tumor growth 

To examine the effect of combination autophagy and PIK3CA inhibition on breast tumor 

growth, we treated mice bearing MCF7 xenografts with HCQ and BYL719 as single agents or in 

combination (Fig. 7D). While HCQ and BYL719 each decreased tumor growth, the combination 

further reduced tumor growth compared to the single-agent treatments (Fig. 7E-G). The synergy 

was also observed for xenografts derived from CBFB_KO MCF10A cells expressing mutant 

PIK3CA (H1047), though only HCQ decreased tumor growth as a single agent (Supplementary 

Fig. 9A-D). To gain insights into the mechanisms underlying the synergistic killing effect of 

HCQ and BYL719 in vivo, we performed immunohistochemistry (IHC) to assess cCasp3 and Ki-
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67 expression in tumor tissues. HCQ mainly increased apoptosis (cCasp3), while BYL719 

reduced the proliferation (Ki-67) of MCF7 tumors in vivo (Fig. 7H-K). These results suggest that 

combining autophagy and PIK3CA inhibitors is a promising therapeutic strategy for treating 

breast tumors with mitochondrial translation defects.  

 To test the synergistic effect of HCQ and BYL719 in a more clinically relevant setting, 

we turned to a patient-derived xenograft (PDX) model of breast cancer. In a collection of breast 

cancer PDXs, we identified one PDX (HCI-017) that carried both CBFB and PIK3CA mutations 

(27). Using this PDX, we observed the synergistic effect of HCQ and BYL719 on inhibiting 

tumor growth (Fig. 7I-O), and one mouse was tumor-free after the combo treatment (Fig. 7N). 

Therefore, in both cell line-derived xenografts and a PDX model, autophagy and PIK3CA 

inhibitors synergistically impair tumor growth.   
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Discussion 

Mitochondrial translation defects and the Warburg effect 

Here we show that CBFB-regulated mitochondrial translation is an unappreciated 

regulatory step in breast cancer metabolism that synergizes with mutant PIK3CA in breast cancer 

progression. This finding sheds new light on a long-standing debate related to the Warburg 

theory: whether cancer cells rely on aerobic glycolysis rather than mitochondrial respiration due 

to dysfunctional mitochondria. Although Dr. Warburg postulated that cancer cells have defective 

mitochondria, prior studies searching for mitochondrial defects in cancer cells have been largely 

unsuccessful (28-30). Our results provide evidence that mitochondrial defects underpin cancer 

cell reliance on aerobic glycolysis in a subset of breast cancer cells, such as those carrying CBFB 

mutations. Other mechanisms can also drive the Warburg effect (30), such as increased glucose 

uptake in PIK3CA mutant cancer cells (26). However, unlike CBFB deficiency, PIK3CA 

mutations increase glycolysis without detectable changes in mitochondrial translation and 

function. Therefore, the mechanism driving the Warburg effect can vary depending on the 

cellular and mutational context. 

In addition to breast cancer, the CBFB gene is altered in other cancers, including 4% 

prostate, 9% ovarian, and 5% acute myeloid leukemias. Therefore, it will be interesting to study 

whether CBFB deficiency-induced mitochondrial defects also cause the Warburg effect in these 

cancer types. In addition to mutation, CBFB is downregulated by other unknown mechanisms in 

ER-positive breast cancer cells (4). For example, despite carrying a WT CBFB gene, MCF7 and 

BT474 cells express lower levels of CBFB protein than non-tumorigenic MCF10A cells (4). 

Therefore, the prevalence of mitochondrial translation defects may be underestimated if based 

only on the mutational status of CBFB. 
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The unexpected role of CBFB in mitochondrial translation 

We found that CBFB regulates 12 out of 13 mitochondrially encoded proteins, which are 

essential building blocks of the ETC, and functions as a master regulator of mitochondrial 

translation. CBFB was first reported as a non-DNA binding transcriptional cofactor for the 

RUNX family proteins (31). Several transcription-independent roles of CBFB were later 

described, including HIV infection and cytoplasmic translation (4,32). Since cytoplasmic 

translation and mitochondrial translation consist of two distinct sets of machinery, this study 

reveals a new role of CBFB in mitochondrial function. Interestingly, although several 

independent approaches (immunofluorescence, cell fractionation, RIP-seq, BioID, and PLA) 

indicated that CBFB localizes to mitochondria, CBFB does not contain a predicted mitochondrial 

targeting sequence (MTS). Recently, it has been shown that many known mitochondrial proteins 

lack a conventional MTS and use a non-canonical MTS for mitochondrial translocation (33). 

Therefore, it is possible that CBFB uses a non-canonical MTS for mitochondrial localization.  

 In yeast, cytoplasmic translation and mitochondrial translation are synchronized to ensure 

energetic homeostasis (34), and this is likely conserved in mammalian cells. However, the 

factor(s) involved in this coordination has been elusive. Our results suggest that CBFB 

coordinates the translation of a fraction of cytoplasmic mRNAs (cyto-mRNAs) and mt-mRNAs. 

Since CBFB and hRNPK only regulate the translation of a fraction (about 1,000) of cyto-

mRNAs (4), other coordinating factors of these two processes may exist. Our prior studies 

suggest that the preferential binding of hnRNPK to RNAs containing C-tracts may play an 

essential role in mRNA selection (4). Of note, 12 of the 13 mt-mRNAs have C-tracts, as they are 

encoded by the G-rich heavy strand of mt-DNA (Fig. 3F, eCLIP). Therefore, it is possible that 
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mammalian cells utilize the C-tract binding preference of hnRNPK to regulate mitochondrial 

translation.  

 

Enhanced autophagy/mitophagy is a vulnerability in cancer cells with mitochondrial 

translation defects 

Our study establishes a connection between mitochondrial translation defects and 

autophagy dependence for survival. Autophagy has been challenging to target as a cancer 

treatment because of its context-dependent role in tumor growth; autophagy appears to be 

inhibitory at the early stages of tumorigenesis but promotes tumor progression at later stages (35). 

In addition, genetic makeup also modulates autophagy dependence and sensitivity to autophagy 

inhibition, as shown for mouse pancreatic cancers of varying p53 status (36). There is, however, 

a resurgent interest in autophagy inhibition for cancer treatment (37). In our study, the metabolic 

stress caused by mitochondrial translation defects renders breast cancer cells dependent on 

autophagy for survival. Thus, CBFB mutation status may be a useful biomarker for autophagy 

dependence, which can be used to select patients likely to respond to autophagy inhibition(38).  

Monotherapy with autophagy inhibitors has been largely ineffective (38), potentially due 

to the plasticity of cancer metabolism. Several case reports have documented success upon 

combining autophagy inhibitors with other targeted therapies (39,40). In the current study, we 

found that the combination of FDA-approved inhibitors of autophagy (HCQ) and PIK3CA 

(BYL719) was a promising therapeutic strategy for treating breast tumors with mitochondrial 

translation defects. One possibility for the synergy is that HCQ effectively targets slowly 

proliferating breast cancer cells, as we have previously shown that HCQ can kill dormant breast 

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/doi/10.1158/0008-5472.C

AN
-22-2525/3270461/can-22-2525.pdf?casa_token=ySLPaa7C

ZxU
AAAAA:sp3M

PG
5vp4vO

7O
vfAH

O
zq-ljkM

7Pfqo_Ybow
m

xBIPlV_n-am
Q

yv19G
Tw

Ar8Zeae8ZKR
-5N

ck by U
niversity of G

ranada user on 13 M
arch 2023



41 
 

tumor cells (41). In the current study, BYL719 blocks proliferation in the MCF7 xenograft model 

(Fig. 7K). Therefore, BYL719 may induce cell dormancy, facilitating subsequent elimination by 

HCQ. Another possibility is that BYL719 and HCQ target separate dormant and proliferative 

populations in a tumor to achieve synergy. Regardless of the mechanism of synergy, our findings 

identify a promising avenue for future clinical exploration and define CBFB status as a potential 

biomarker for sensitivity to autophagy inhibition.  
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Figure Legends 

Figure 1. CBFB and PIK3CA mutations cooperate in human breast cancer. (A) A matrix 

showing p-values (-log10 scale) of pairwise genetic interaction of top 21 mutated genes in breast 

tumors in the TCGA dataset. red, co-occurring; blue, mutually exclusive. OR, odds ratio. Define 

the OR.sign=1 if OR is > 1, and -1 if OR < 1. (B) A Cytoscape plot showing the interactions 

between the proteins encoded by the top 21 mutated genes. (C) A Venn diagram showing the 

intersection between the genetic interactions of the 21 genes and physical interactions of their 

proteins. (D) A oncoprint showing that CBFB and PIK3CA mutations co-occur in the 

METABRIC and TCGA datasets. Only tumors that have either gene mutation are shown. P-

values are from the Fisher Exact test. (E and F) Images (E) and weights (F) of subcutaneous 

tumors from MCF10A-derived cells in NSG mice. n=10 mice for each group. Three mice and 

one mouse did not have a detectable tumor for the CBFB_KO and PIK3CA(H1047R) group, 

respectively. p-values are from the Mann-Whitney test. (G) Kaplan-Meier survival curve 

showing the overall survival of mice bearing subcutaneous tumors. Eight mice for each group. p-

values are from the log-rank (Mantel-Cox) test. 

Figure 2. CBFB and PIK3CA mutations cooperate in mouse mammary tumorigenesis. (A) 

Schematic for breeding strategy. m, male; f, female. (Created with BioRender.com) (B) Spectra 

of spontaneous tumors from multiparous GEMMs. CP mice, MMTV-Cre;Cbfbfl/+;Pik3caH1047R/+. 

P mice, MMTV-Cre;Cbfb+/+;Pik3caH1047R/+. MMTV-Cre: MMTV-driven Cre. Cbfbfl/+ or Cbfb+/+: 

heterozygous or WT Cbfb allele, respectively. Pik3caH1047R/+: heterozygous for Pik3caH1047R 

transgene in the ROSA26 locus. MGT, mammary gland tumors; ET, eye tumors; TT/ST, tail 

tumors or skin tumors; L/T, lymphoma or thymoma; Other, no obvious. (C) Kaplan-Meier 

survival curve showing overall survival of GEMMs. (D) Tumor burden (weight sum of all 
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tumors, grams) of each mouse. p-values are from the Mann-Whitney test. (E) Clustering of CP 

model, other mouse models, and human breast tumors using PAM50 signature. (F) 

Immunohistochemistry showing estrogen receptor alpha (ERα) and progesterone receptor (PR) 

expression in tumors from GEMMs.  

Figure 3. CBFB and its binding partner hnRNPK localize to mitochondria and bind to 

mitochondrially encoded mRNAs. (A) IPA showing the top five enriched pathways in mRNAs 

bound by both CBFB and hnRNPK (data:GSE119800). (B) Genomic view of RIP-seq showing 

binding of CBFB and hnRNPK to several mt-mRNAs. (C and D) Immunofluorescence showing 

mitochondrial localization of CBFB (C) and hnRNPK (D) in MCF10A cells. (E) Cell 

fractionation showing enrichment of CBFB and hnRNPK in the mitochondrial fraction in 

MCF10A cells. WCL, whole cell lysate; Mito., mitochondrial; Cyto., cytosolic fraction. The 

same amount of protein was loaded for each lane. (F) Immunoprecipitation showing the 

interaction of CBFB and hnRNPK in the mitochondrial fraction. (G) eCLIP showing hnRNPK 

binding sites in mt-mRNAs in K562 cells (data: GSM2423241). Red nucleotides are C-tracts.  

Figure 4. CBFB maintains mitochondrial translation by enhancing the binding of TUFM to 

mt-mRNAs. (A) BioID to identify the interactome of CBFB in MCF10A cells. Each dot 

represents one protein. The green line indicates 2-fold enrichment (BioID2-CBFB versus EV, 

empty vector). Shown are the average of three biological repeats. (B) Venn diagram showing 

CBFB-bound mitochondrial proteins included in MitoCarta 3.0 (18). p-value is from the 

hypergeometric test. (C) WB of BioID pull-down validating biotinylation of TUFM. (D) 

Immunoprecipitation showing the physical interaction between CBFB and TUFM. (E and F) 

Proximity ligation assay (PLA) showing the endogenous interaction between CBFB and TUFM 

in WT and CBFB_KO MCF10A cells. E is a representative image from two biological repeats, 
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and F is five random images from these two repeats. The p-value is from the Mann-Whitney test. 

(G and H) In situ mitochondrial translation assay in MCF10A cells of the indicated genotypes. 

(G) A representative image for WT and CBFB_KO. (H) the quantification of mitochondrial 

translation. Shown are the average of three biological repeats. p-values are from the Mann-

Whitney test. (I)  In-gel images showing mitochondrial translation in WT and CBFB_KO 

MCF10A cells. Shown is the representative images of two biological repeats. Right panel shows 

equal loading of samples by GelCode Blue staining. (J) Immunofluorescence staining of CBFB 

(red), MT-CO1 (green), and DAPI (blue) using formalin-fixed paraffin-embedded (FFPE) slides 

of tumors from GEMMs. (K) WB showing the steady-state levels of CBFB, mitochondrially 

encoded proteins (MT-ATP6, MT-CYB, and MT-CO2), and non-mitochondrially encoded 

proteins (COX IV, HSP60, Cyto. C, and β-actin). (L) RNA immunoprecipitation (RIP) followed 

by real-time PCR showing the effect of CBFB on TUFM-mt-mRNA binding in WT and 

CBFB_KO MCF10A cells. p-values are from the t-test. Shown is the average of four biological 

repeats. (M) Quantification of the in situ mitochondrial translation assay in MCF7 cells of the 

indicated genotypes. Representative images are shown in Supplementary Fig. 4F. Shown are the 

average of three biological repeats. p-values are from the Mann-Whitney test. 

Figure 5. Mitochondrial translation defects lead to mitochondrial dysfunction, aberrant 

ROS levels, and aerobic glycolysis. (A) Confocal images of MitoTracker Green (membrane 

potential-insensitive), MitoTracker Red (membrane potential-sensitive), and DAPI staining. 

Shown are the representative images of three biological repeats.   p-values are from the t-test. (B) 

Quantification of (A). (C) Mitochondria Stress Test assay by Seahorse measuring mitochondrial 

function. (D) Basal respiration and spare respiration of WT and CBFB_KO MCF10A cells. 

Shown are the average of three biological repeats. p-values are from the t-test. (E) ATP 
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measurement. Shown are the average of three biological repeats. p-values are from the t-test. (F) 

Flow cytometry quantification of total (DCFDA) and mitochondrial (MitoSOX red) ROS. Shown 

are the representative histograms of two biological repeats   (G) Super-resolution microscopy 

images and 3D reconstruction of mitochondria using COX IV staining. Upper, representative 

images; bottom, quantification of the perimeter, ferret diameter, and circularity of each 

mitochondrion. Shown are the representative images of three biological repeats. p-values are 

from the Mann-Whitney test. (H) Glycolysis Stress Test by Seahorse. (I) Glycolysis, glycolytic 

capacity, glycolytic reserve of WT and CBFB_KO MCF10A cells. Shown are the average of 

three biological repeats. p-values are from the t-test. 

Figure 6. Mitochondrial translation defects cause enhanced autophagy and mitophagy. (A) 

Confocal images showing autophagic flux in WT and CBFB_KO MCF10A cells. A low pH 

environment in lysosomes quenches the EGFP signal. Thus, a higher ratio of mCherry versus 

EGFP and more puncta of mCherry correlate with a higher autophagic flux. Shown are the 

representative images of three biological repeats. (B) WB of LC3-I/II, CBFB, and β-actin. (C) 

Immunofluorescence staining of LC3 (red), CBFB (green), and DAPI (blue) using FFPE slides 

of tumors from CP and P GEMMs. (D) WB showing CBFB, total and phosphorylated ULK1, 

and AMPK. (E) Immunostaining of COV IV and LAMP1. Colocalization is indicative of 

mitophagy. Shown are the representative images of three biological repeats (F) Machine learning 

to estimate the mitophagy index. Left, one example showing machine learning-based 

segmentation of mitochondria (solid colors) and lysosomes (empty colors) in a single cell. 

Bottom, quantifications of mitophagy using machine learning. (G) mKiema assay to measure 

mitophagy activity in WT and CBFB_KO MCF10A cells. Mitochondrially localized mito-

mKiema excites at 488 nm and 561 nm at pH 4 and pH 7, respectively. (H) Schematic 
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experimental design of testing the effect of HCQ treatment on the growth of CBFB_KO 

MCF10A (carrying a luciferase reporter) xenografts in NSG mice. (I) Tumor weight on Day 28 

of HCQ treatment. All p-values from this figure are from the Mann-Whitney test. 

Figure 7. Synergistic effects of autophagy and PIK3CA inhibitors on breast cancer 

inhibition. (A) WB showing the effect of HCQ on apoptosis in MCF10A cells with indicated 

genotypes. (B)  Cell viability of MCF7 cells treated with HCQ or BYL719 alone or in 

combination at the indicated concentration for 72 hours. CI, combination index. Values less than 

1 show synergy. Shown are the average of three biological repeats (C) Heatmaps showing cell 

viability and synergy score using Bliss, HAS, and Loewe algorithms. Values greater than 20 

indicate synergy. Shown are the average of three biological repeats (D) Schematic experimental 

design of testing the combinatorial effect of HCQ (50 mg/kg) and BYL719 (30 mg/kg) on MCF7 

xenografts (MFP, mammary fat pad). (E-G) Tumor images (E), weight (F, grams), and size (G, 

mm, longest diameter) of MCF7 tumors treated with vehicle, HCQ, or BYL719 alone or in 

combination. (H) IHC showing cCasp3 staining of FFPE slides of MCF7 xenograft tumors 

treated with the indicated drugs. (I) Quantification of H. (J)  IHC showing Ki-67 staining of 

FFPE slides of MCF7 xenograft tumors treated with the indicated drugs. (K) Quantification of  J. 

(L) Schematic experimental design of testing the synergistic effect of HCQ and BYL719 on the 

growth of breast cancer PDX, HCI-017. (M) Tumor size measurement on day 0, 7, 14, and 21 of 

treatments. Error bars standard deviation. n is the number of mice survived at the endpoint. p-

values are from the Mann-Whitney test. (N) Tumor images on day 22 after the first treattment. 

Each treatment group started with 5 mice. One mouse died in HCQ group and BYL719 group 

during the treatment. N.T., no tumor detected on day 22. (O) tumor weight (grams). All p-values 

in this figure are from the Mann-Whitney test. 
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