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Introduction
The growth factor receptor ERBB2 plays a pivotal role in pro-
moting cardiomyocyte proliferation and formation of trabecular 
myocytes during early heart development (1, 2). Activation of 
myocardial ERBB2/ERBB4 is mediated by neuregulin secreted 
from endocardium (1, 3). However, mechanisms by which ERBB2 
signaling is downregulated as trabecular myocytes undergo cell 
cycle withdrawal have not been addressed. Failure of trabecular 
myocytes to undergo cell cycle withdrawal can result in noncom-
paction cardiomyopathy, a sometimes fatal heart disease (4).

The endocytic adaptor protein NUMB shares homology 
with a family of cargo-selective endocytic adaptors (5). NUMB 
inhibits Notch signaling, but mechanisms by which it does so are 
controversial, with some data suggesting that NUMB positive-
ly regulates endocytosis of NOTCH1 and other data suggesting 
that NUMB negatively regulates endocytic recycling of NOTCH1 
(6, 7). On the other hand, recent in vivo imaging in Drosophila 
demonstrated that NUMB inhibits Notch by targeting sanpo-
do, a Notch partner, to late endosomes (LEs) (8). Other cargoes 
of NUMB include the transferrin receptor and integrins (5, 9). 
Detailed insight into mechanisms by which NUMB regulates 
trafficking of other cargoes is lacking (10).

Here, we explored mechanisms by which loss of NUMB or 
both NUMB and NUMB-like (NUMBL) in cardiomyocytes results 
in ventricular noncompaction phenotypes. Our results elucidate 

a detailed pathway by which ERBB2 signaling is downregulated 
and reveal a STAT5/YAP pathway activated when ERBB2 signal-
ing is aberrantly sustained that can override Hippo-mediated car-
diomyocyte cell cycle withdrawal. Our work identifies pathways 
worthy of future investigation in the setting of noncompaction 
cardiomyopathy and pathways that have relevance for promoting 
cardiomyocyte cell cycle reentry in the context of regenerative 
medicine. Additionally, we discovered an interaction of NUMB 
with Rab7, giving new insight into mechanisms by which NUMB 
and NUMBL act at the early to late endosomal interface to pro-
mote growth factor degradation and cell cycle withdrawal. Our 
findings are also likely to have a bearing on the role of NUMB and 
NUMBL as tumor suppressors (11, 12).

Results
Myocardial loss of Nb alone or Nb/Nbl results in ventricular noncom-
paction. To explore the role of NUMB (encoded by Nb) and NUMBL 
(encoded by Nbl) in cardiomyocytes, we utilized troponin T– 
Cre (Tnnt-Cre, hereafter referred to as TnT-Cre) to ablate either 
Nb alone (Nb cKO) or both Nb and Nbl (Nb/NbL cKO) (13–15). 
Lineage studies with the R26-mTmG membrane indicator (16) 
demonstrated efficient cardiomyocyte-specific ablation at E10.5 
(Supplemental Figure 1A; supplemental material available online 
with this article; https://doi.org/10.1172/JCI91081DS1). Immu-
nostaining for NUMB confirmed cardiomyocyte-specific loss of 
NUMB at E10.5 (Supplemental Figure 1B). Observed cardiac phe-
notypes with double cKOs were consistent with previous studies 
utilizing myocardial Cres to ablate both Nb and Nbl (17, 18) (Fig-
ure 1, A and B). We also observed similar, but less severe, cardiac 
phenotypes in Nb cKO alone (Figure 1, A and B).

Failure of trabecular myocytes to undergo appropriate cell cycle withdrawal leads to ventricular noncompaction and heart 
failure. Signaling of growth factor receptor ERBB2 is critical for myocyte proliferation and trabeculation. However, the 
mechanisms underlying appropriate downregulation of trabecular ERBB2 signaling are little understood. Here, we have found 
that the endocytic adaptor proteins NUMB and NUMBL were required for downregulation of ERBB2 signaling in maturing 
trabeculae. Loss of NUMB and NUMBL resulted in a partial block of late endosome formation, resulting in sustained ERBB2 
signaling and STAT5 activation. Unexpectedly, activated STAT5 overrode Hippo-mediated inhibition and drove YAP1 to the 
nucleus. Consequent aberrant cardiomyocyte proliferation resulted in ventricular noncompaction that was markedly rescued 
by heterozygous loss of function of either ERBB2 or YAP1. Further investigations revealed that NUMB and NUMBL interacted 
with small GTPase Rab7 to transition ERBB2 from early to late endosome for degradation. Our studies provide insight into 
mechanisms by which NUMB and NUMBL promote cardiomyocyte cell cycle withdrawal and highlight previously unsuspected 
connections between pathways that are important for cardiomyocyte cell cycle reentry, with relevance to ventricular 
noncompaction cardiomyopathy and regenerative medicine.
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(Supplemental Figure 1, C–F) 
and revealed disorganized myo-
fibrillar structure at E10.5 that 
was more organized by E12.5, 
although quantitative analyses 
revealed that sarcomeres within 
mutant trabeculae remained less 
developed than those of controls 
(Supplemental Figure 1, G–I). 
TUNEL staining to examine 
apoptosis did not reveal signif-
icant differences between Nb/
NbL cKO and control hearts, 
other than a small region of dead 
cells within the ventricular sep-
tum of Nb/NbL cKOs (Supple-
mental Figure 1C).

The above phenotypes sug-
gested a lack of normal trabecular 
cell cycle withdrawal in mutants. 
To examine cardiomyocyte pro-
liferation, E10.5 sections from 
embryos that had been labeled 
by EdU were immunostained 
with antibodies to troponin T 
and CD31 and stained for EdU 
and DAPI. As expected, control 
trabecular nuclei exhibited EdU 
labeling in less than 5% of car-
diomyocytes, consistent with 
reduced cell cycle activity by 
E10.5 (Figure 2A). In contrast, Nb 
cKO trabeculae exhibited a sig-
nificant increase in EdU labeling 
(2.7 fold vs. control), while Nb/
NbL cKO trabeculae exhibited a 
further increase in EdU labeling 
(6.2 fold vs. control) (Figure 2, A 
and B). Cell cycle activity in the 
compact layer was unchanged 
between control and single or 
double cKOs (Figure 2B). Fol-
lowing these analyses, as double 
cKOs exhibited more severe phe-
notypes, we focused future analy-
ses on double cKOs.

Additional quantitative proliferation analyses with a myo-
cyte-specific cell cycle indicator, cyclin A2–EGFP (19), confirmed 
increased cell cycle activity in trabecular cardiomyocytes of Nb/
NbL cKOs (Supplemental Figure 2, A–C). Furthermore, the cell 
cycle inhibitor KIP2/p57 was expressed in control trabeculae, but 
not in mutant trabeculae (Supplemental Figure 2D). The selective 
effect on trabecular proliferation in Nb/NbL cKOs was consistent 
with higher levels of NUMB protein expression observed in trabec-
ulae compared with the compact layer (Figure 2C). Quantitative 
analysis revealed 14-fold enrichment of Nb mRNA in trabeculae 
relative to compact layer (Supplemental Figure 2, E and F).

At E10.5, by whole mount, Nb or Nb/NbL cKO hearts did not 
appear much different from controls. However, sections revealed 
thicker trabeculae in Nb and Nb/NbL cKOs (Figure 1A). At E14.5, 
Nb/NbL cKO hearts were shaped abnormally, with an abnormal 
groove at the interventricular septum (IVS) (Figure 1B). Sections 
revealed thicker trabeculae and thinner ventricular walls in Nb 
cKOs, with more extreme phenotypes in double cKOs (Figure 1B). 
Double cKOs exhibited ventricular septal defects (VSDs) at E14.5 
and E18.5 (Figure 1B).

Immunostaining of E10.5 and E12.5 heart sections for tropo-
nin T and quantitative analyses confirmed trabecular phenotypes 

Figure 1. Abnormal trabeculae and increased proliferation of trabeculae in Nb or Nb/NbL cKOs. (A and B) Whole-
mount views and sections stained with nuclear fast red and Alcian blue. Asterisk indicates dead cells in interven-
tricular septum. Arrows indicate ventricular septal defect. Scale bars: 200 μm. Ctrl, control; OFT, outflow tract; T, 
trabeculae; Cmpt, compact layer.
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membrane tdTomato (Nb/NbL WT) did not exhibit nuclear YAP1. 
Thus, YAP1 nuclear localization and consequent increased prolifera-
tion were autonomous to Nb/NbL mutant trabeculae.

Several signaling pathways can activate YAP1 (24). Hippo 
pathway kinases regulate cytoplasmic localization of YAP1 by 
phosphorylation at serine 112 in mice (25). Western blot analyses 
of whole heart extracts demonstrated no significant alteration in 
serine 112 phosphorylation or in total YAP1 protein (Figure 3B; see 
complete unedited blots in the supplemental material.). Although 
interpretation of Western blot data was tempered by the fact that 
these data were obtained from whole heart extracts, where tra-
beculae constitute a minor fraction of total cells, results suggest-
ed that pathways other than the Hippo pathway might be acting 
upstream of YAP1 in Nb/NbL mutant trabeculae. Therefore, oth-
er candidate signaling pathways were examined by quantitative 
Western blot analyses of E10.5 and E12.5 heart extracts (Figure 2C 
and Supplemental Figure 3B). In addition to ERK and Akt signal-

Aberrant activation of YAP1 and STAT5 in Nb/Nbl mutants. 
To identify factors driving abnormal trabecular proliferation, we 
undertook a candidate approach. Transcriptional cofactor and 
protooncogene YAP1, activated upon nuclear translocation, can 
induce proliferation in terminally differentiated cardiomyocytes 
(20, 21). We found that YAP1 was localized to significantly more 
trabecular nuclei in Nb/NbL cKOs than in controls (Figure 3A).

Loss of Nb/Nbl in skeletal muscle stem cells results in senescence 
(22); thus, mutant senescent cells could have a non–cell autonomous 
effect on proliferation of neighboring cells. To address whether 
increased proliferation of Nb/NbL cKO mutant trabecular cells was 
cell autonomous, we ablated Nb/Nbl with doxycycline-inducible 
TnT-Cre (23), utilizing a doxycycline dose that resulted in mosa-
ic Cre expression, as evidenced by R26-mTmG membrane EGFP 
expression (16). As shown in Supplemental Figure 3A, trabecular 
myocytes labeled by membrane EGFP (Nb/NbL mutant) exhibited 
nuclear localization of YAP1, whereas neighboring cells labeled by 

Figure 2. Increased proliferation of trabeculae 
in Nb or Nb/NbL cKOs. (A) Immunofluorescence 
microscopy of EdU-labeled E10.5 heart sections 
stained to detect EdU (green), troponin T (cardio-
myocytes; red), and CD31 (endocardium; gray). 
Scale bar: 100 μm. (B) Quantitative analysis of EdU 
labeling in control, Nb, or Nb/NbL cKOs (control, 
n = 4 mice; Nb cKO, n = 3 mice; Nb/NbL cKO, n = 
4 mice; 5 sections each). (C) Immunofluorescence 
microscopy for NUMB in E10.5 heart sections. Cells 
were labeled with DAPI to visualize nuclei and with 
phalloidin to visualize the entire actin cytoskeleton 
of trabecular cells. Note enrichment for NUMB 
protein in trabeculae of controls and loss of NUMB 
protein in Nb/NbL cKOs. Scale bars: 10 μm. Data 
represent mean ± SD. *P < 0.05; ***P < 0.0001, 
1-way ANOVA followed by Tukey’s post hoc test.
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Figure 3. YAP1, STAT5, and ERBB2 are activated in Nb/NbL cKOs. (A) Immunofluorescence microscopy of E10.5 heart sections stained for DAPI (blue) and 
phalloidin (gray) and immunostained for YAP1 (red). Yellow triangles, trabecular nuclei. Scale bar: 50 μm. Quantitation revealed increased nuclear YAP1 
in trabeculae of Nb/NbL cKOs (control, n = 4 mice; cKO, n = 4 mice; 5 sections each). (B) Western blot analysis for YAP1 and p(S112)YAP1 of E10.5 heart 
extracts. Quantitation revealed no significant alteration in total YAP1 protein or p(S112)YAP1 in Nb/NbL cKOs when compared with controls (control,  
n = 3; cKO, n = 3 mice). (C) Western blot analysis for candidate signaling pathways from E10.5 heart extracts. Of candidate pathways examined, quantita-
tive analyses revealed that only pSTAT5 was significantly increased in Nb/NbL cKOs hearts when compared with controls. No alterations were observed 
in total NOTCH1 or NOTCH1 ICD (control, n = 3 mice; cKO, n = 3 mice). (D) Immunoprecipitation of E14.5 heart extracts with antibody to ERBB2 protein, 
followed by Western blot analysis for ERBB2 or phospho-tyrosine. Quantitation revealed increased activation/phosphorylation of ERBB2 in Nb/NbL 
cKOs relative to controls (control, n = 10; cKO, n = 10 mice; 3 to 4 hearts were pooled for 1 immunoprecipitation). (E) Immunofluorescence microscopy for 
LAMP1-positive LEs in trabeculae of control and Nb/NbL cKOs at E10.5. Scale bar: 20 μm. (F) Quantitative analysis revealed significantly reduced numbers 
of LAMP1- positive LEs in Nb/NbL cKO trabeculae relative to controls (control, n = 3 mice; cKO, n = 3 mice; 4 sections each). Data represent mean ± SD.  
*P < 0.05; **P < 0.001; ***P < 0.0001, unpaired 2-tailed Student’s t test.
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ERBB2 as cargo for NUMB and NUMBL. Phosphorylation of 
STAT5 occurs downstream of receptor tyrosine kinases (RTKs), 
including ERBB receptors (29–31). Ablation of Erbb2 or Erbb4 
in mice is embryonic lethal owing to defects in myocardial pro-
liferation and trabeculation (2, 3). Conversely, ERBB activation 
can result in aberrant myocyte proliferation (32). We hypoth-
esized that aberrant STAT5 activation might reflect aberrant 
ERBB2/ERBB4 activation. Owing to lack of suitable antibodies 
for ERBB4, we first investigated ERBB2 activation, performing 
immunoprecipitation with anti-ERBB2 antibody in embryonic 
heart extracts, followed by quantitative Western blot analyses. As 
shown in Figure 3D, levels of tyrosine pERBB2 were significantly 
increased in Nb/NbL cKOs relative to controls.

As NUMB and NUMBL are cargo-specific endocytic adaptor 
proteins (5), we performed protein interaction studies to investi-
gate ERBB2 or ERBB4 as potential cargoes of NUMB or NUMBL. 

ing pathways, we examined STAT activation, as STAT is known to 
promote proliferation in other contexts. Of these pathways, phos-
phorylated STAT5 (pSTAT5) was significantly increased in Nb/
NbL cKOs (Figure 3C and Supplemental Figure 3B), suggesting it 
might be upstream of aberrant YAP1 nuclear localization.

In contrast to findings reported in a previous study (18), 
NOTCH1 intracellular domain (ICD) was not increased in Nb/NbL 
cKOs (Figure 3C and Supplemental Figure 3B). Utilizing an EGFP 
indicator for Notch transcriptional activation, transgenic Notch 
reporter (TNR) (26), no ectopic activation of Notch signaling was 
evident in mutant trabeculae, although the expected Notch- EGFP 
signal was evident in endocardium (Supplemental Figure 3C) (27). 
Since activation of NOTCH1 and NOTCH2 converges on the same 
transcriptional readout (28), this analysis suggested that neither 
NOTCH1 nor NOTCH2 was hyperactivated in Nb/NbL cKO hearts 
at times when aberrant proliferation was evident.

Figure 4. Aberrant YAP1 nuclear localization under confluent 
conditions in Nb/NbL knockdown HeLa cells requires ERBB2 and 
STAT5. (A) Immunofluorescence microscopy of HeLa cells stained 
for DAPI (blue), YAP1 (gray or red), or NUMB (green). siRNAs that 
were utilized are indicated at the top of each panel. The STAT5 
inhibitor nicotinoyl hydrazine was added 3 hours before fixation. 
Aberrant nuclear localization of YAP1 was prevented by siRNA 
knockdown of ERBB2 or by STAT5 inhibition, but not by siRNA 
knockdown of ERBB4. Scale bar: 20 μm. (B) Western blot analysis 
for NUMB and NUMBL in Nb KO or Nb/NbL KO HeLa cells. (C) 
Immunoprecipitation with antibody to NUMB in extracts from 
WT and Nb/NbL KO HeLa cells, followed by Western blot analysis 
with antibodies to ERBB2 or NUMB. ERBB2 interaction with 
endogenous NUMB was observed only in cells that were WT for 
NUMB, not in Nb/NbL KO cells.
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Coimmunoprecipitation studies were performed in extracts of 
293T cell transiently overexpressing relevant tagged proteins 
(Supplemental Figure 3, D and E). Results demonstrated that 
ERBB2 and ERBB4 interacted with all 4 isoforms of NUMB, but 
that only ERBB2 specifically interacted with NUMBL (Supple-
mental Figure 3E). As NUMBL plays a redundant role with NUMB 
in trabeculae, this suggested that ERBB2 might be a more relevant 
cargo than ERBB4 in this context.

To determine the specificity of the interaction between NUMB 
and ERBB2, we generated deletion mutants of Nb and Erbb2 
(Supplemental Figure 4A). Since p65/p66 isoforms of NUMB 

were expressed in embryonic heart by reverse-transcription PCR 
(RT-PCR) and Western blot (Supplemental Figure 3D, F, and G; 
and Supplemental Table 1), we utilized p65 NUMB. Numb finger 
domain (NUMBF) and proline-rich regions of NUMB specifically 
interacted with ERBB2, and the C-terminal domain of ERBB2 spe-
cifically interacted with NUMB (Supplemental Figure 4, B and C).

If ERBB2 were a specific cargo for NUMB and NUMBL, intracel-
lular targeting of ERBB2 might be perturbed in Nb/NbL KOs. RTKs 
are endocytosed from plasma membrane into early endosomes (EEs) 
and can be recycled or targeted for lysosomal degradation through 
late endosomes (LEs) (33). To investigate potential perturbations in 

Figure 5. Partial block between EE and LE in Nb/NbL KO HeLa cells. (A) Immuno-
fluorescence microscopy for markers of LE (LAMP1) and EE (EEA1) in control and 
Nb/NbL KO HeLa cells. Images shown are 3D reconstructions of Z-stack images. 
Scale bar: 10 μm. (B) Quantitation of LAMP1-positive LEs and EEA1-positive EEs 
(n = 3, 6 visual fields each). (C and D) Immunofluorescence microscopy to examine 
colocalization of ERBB2 (green) with LAMP1 (red) (C) or colocalization of ERBB2 
(green) with EEA1 (red) (D) in control and Nb/NbL KO HeLa cells. Bottom panels 
are magnified images of square areas in top panels. Scale bars: 5 μm. (E) Quanti-
tation of colocalization of ERBB2 and LAMP1 or EEA1 (n = 3, 6 visual fields each). 
Data represent mean ± SD. *P < 0.05; **P < 0.001, 2-tailed Student’s t test.
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vesicular trafficking in Nb/NbL cKOs, we examined LEs by immunos-
taining with anti-LAMP1 antibody (34). The number of LAMP1-pos-
itive LEs was significantly reduced in mutant trabeculae (Figure 3, E 
and F, and Supplemental Figure 4D), while Western blot analyses of 
whole heart extracts demonstrated no significant alterations in total 
LAMP1 protein in mutant hearts relative to controls (Supplemental 
Figure 4E). Western blot data, however, should be interpreted with 

the consideration that LAMP1 protein in trabecular myocytes rep-
resents a minor fraction of LAMP1 protein in whole heart.

YAP1 activation consequent to loss of Nb/Nbl requires ERBB2 and 
STAT5. To investigate whether activation of YAP1 in Nb/NbL cKOs 
was dependent on ERBB2 and/or STAT5 activation, we estab-
lished a HeLa cell system. To facilitate visualization of ERBB2, 
we generated a transgenic HeLa cell line expressing FLAG-tagged 

Figure 6. NUMB and NUMBL interact with Rab7, and YAP1 interacts with STAT5. (A) Interaction of FLAG-tagged NUMB with GST-tagged GDP- or GTP-
bound Rabs. As expected, only the active GTPγS-bound form of Rab5a interacted with EEA1 (bottom panel), indicating that the addition of either GDP or 
GTPγS to Rab proteins was successful. NUMB interaction with Rab7a or Rab7b was readily detectable, whereas interactions between NUMB and Rab5a 
or Rab11a were detectable only upon prolonged exposure. Note preferential association of NUMB with the active GTPγS-bound form of Rab7a. (B) Live 
images of HeLa cells stably expressing EGFP-NUMB and mCherry-Rab7a with nuclear Hoechst 33342 staining. NUMB and Rab7a were strongly colocal-
ized. Scale bar: 10 µm. (C) FLAG-tagged deletion constructs of Yap1 and Stat5. (D) Immunoprecipitation of FLAG-tagged Yap1 deletion constructs from 
cotransfected 293T cell extracts was followed by Western blot analysis with antibody to STAT5. Conversely, immunoprecipitation of FLAG-tagged Stat5 
deletion constructs from cotransfected 293T cell extracts was followed by Western blot analysis with antibody to Myc. (E) Domains within YAP1 and 
STAT5 required for their interaction.
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Figure 7. Heterozygosity for either Yap1 or Erbb2 significantly rescues Nb/NbL 
cKO phenotypes. (A) Immunofluorescence microscopy of E10.5 heart sections 
stained with DAPI (blue) and antibody to troponin T (gray). Heterozygosity 
for Yap1 or Erbb2 in Nb/NbL cKO backgrounds significantly rescues abnormal 
trabecular phenotypes, as quantitated in B. Scale bars: 200 μm (top panels); 40 
μm (bottom panels). (B) Quantitative analyses (n = 4, n = 2, n = 2, n = 4, n = 3, and 
n = 3 mice each group, 6 sections each). (C) Immunofluorescence microscopy of 
EdU-labeled E10.5 trabeculae within left ventricle sections, stained with DAPI 
(blue), and with antibodies to TnT (red; trabeculae) and CD31 (gray, endocardium). 
Scale bar: 100 μm. (D) Quantitative analyses (n = 4, n = 2, n = 2, n = 4, n = 3, and  
n = 3 mice each group, 6 sections each). Data represent mean ± SD. *P < 0.05;  
**P < 0.001; ***P < 0.0001, 1-way ANOVA followed by Tukey’s post hoc test.
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Cas9n (Supplemental Figure 5, C and D, and Supplemental Table 
4) (36) and confirmed complete loss of NUMB and NUMBL in 3 
independent HeLa cell clones (Figure 4B). YAP1 behavior in Nb/
NbL KO cell lines mirrored that observed in siRNA knockdown 
experiments (compare Figure 4A and Supplemental Figure 5E), 
reaffirming that YAP1 nuclear translocation consequent to Nb/
Nbl loss was dependent on ERBB2 and STAT5.

YAP1 nuclear localization in confluent conditions in Nb/NbL 
KO cells suggested that normal contact inhibition might be overrid-
den in Nb/NbL KO cells. Indeed, proliferation assays demonstrated 
significantly increased proliferation of Nb/NbL KO cells relative to 
control cells under confluent conditions (Supplemental Figure 5F).

Our biochemical studies with transiently transfected expres-
sion constructs had demonstrated interaction between NUMB 
and ERBB2. To investigate NUMB interaction with ERBB2 at 
endogenous levels of NUMB protein, lysates from WT and Nb/
NbL KO HeLa cells were immunoprecipitated with anti-NUMB 
antibody and blotted with anti-ERBB2 antibody. As shown in 
Figure 4C, endogenous NUMB interaction with ERBB2 was evi-
denced in WT HeLa cells, but not in Nb/NbL KO cells. Although 
these results further demonstrated an interaction between 
NUMB/NUMBL and ERBB2, the possibility remains that the 
observed interaction between NUMB and ERBB2 is indirect, per-
haps mediated by another protein.

ERBB2 (Supplemental Figure 5A). This cell line demonstrated the 
expected response of YAP1 to sparse (nuclear YAP1) or confluent 
(cytoplasmic YAP1) conditions (25, 35). We then performed siRNA 
knockdown of NUMB and NUMBL (hereafter referred to as Nb/
NbL knockdown) and investigated YAP1 localization under con-
fluent conditions, where it is normally cytoplasmic (Supplemental 
Table 2). Consistent with our in vivo findings, loss of NUMB and 
NUMBL resulted in aberrant YAP1 nuclear localization (Figure 4A).

Next, we performed siRNA knockdown of ERBB2 or ERBB4 in 
Nb/NbL knockdown cells. Knockdown of ERBB2 abrogated effects 
of Nb/NbL knockdown, resulting in cytoplasmic YAP1 localization 
(Figure 4A). In contrast, knockdown of ERBB4 did not override 
effects of Nb/NbL knockdown, as YAP1 remained localized to the 
nucleus (Figure 4A). Addition of a specific STAT5 inhibitor also 
abrogated effects of Nb/NbL knockdown on YAP1 nuclear localiza-
tion (Figure 4A). Thus, YAP1 nuclear translocation consequent to 
Nb/NbL knockdown was mediated by ERBB2 and STAT5.

In these knockdown experiments, NUMB protein was signifi-
cantly diminished (Figure 4A), and knockdown efficiencies with 
NUMB, NUMBL, ERBB2, or ERBB4 siRNAs were approximately 
90% at the transcript level (Supplemental Figure 5B and Supple-
mental Table 3). However, due to concerns of potential off-target 
effects (Supplemental Figure 5B) and incomplete knockdown, we 
generated Nb/Nbl null (Nb/NbL KO) HeLa cells utilizing Crispr/

Figure 8. Increased pSTAT5 in Nb/NbL cKO was dependent on ERBB2. (A) Western blot analysis for YAP1, pSTAT5, STAT5, NUMB, and GAPDH of 
E10.5 heart extracts from control, Nb/NbL cKOs, and Nb/NbL cKOs heterozygous null for Yap1 or Erbb2, with quantitative analyses shown in B. 
Data demonstrated that Nb/NbL cKOs that were heterozygous for Yap1 exhibited decreased YAP1 and still exhibited loss of NUMB and NUMBL to 
an extent comparable to that of Nb/NbL cKOs. Nb/NbL cKOs that were heterozygous for Erbb2 had reduced pSTAT5 relative to Nb/NbL cKOs, but 
exhibited loss of NUMB and NUMBL to an extent comparable to that observed in Nb/NbL cKOs (n = 3 mice each group). Data represent mean ± SD. 
*P < 0.05; **P < 0.001; ***P < 0.0001, 1-way ANOVA followed by Tukey’s post hoc test.
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KO cells (Figure 5, D and E). Together, these results suggested that 
transit of ERBB2 from EE to LE was perturbed in KO cells.

The foregoing suggested that NUMB and NUMBL played 
a pivotal role in targeting ERBB2 cargo from EE to LE, but how 
NUMB and NUMBL effected this endosomal transition remained 
to be addressed. Small GTPase Rab proteins are critical regulators 
of endosomal transitions (38, 39). Given the role of Rab7 in the 
transition from EE to LE (40), we hypothesized that NUMB and 
NUMBL might specifically interact with Rab7 to facilitate cargo 
targeting from EEs to LEs.

To investigate interactions between NUMB and Rab proteins, 
we purified GST-tagged Rab5a, Rab7a, Rab7b, and Rab11a recom-
binant proteins (Supplemental Figure 6A), generating both inactive 
GDP-bound forms and constitutively active GTPγS-bound forms 
(41). Each GDP/GTPγS bound inactive/active form of Rab was mixed 
with 293T cell lysates overexpressing FLAG-tagged NUMB-p65. By 
GST pull-down, Rab5a, Rab7a, Rab7b, and Rab11a each interacted 
with NUMB, but the interaction with Rab7a and Rab7b was most 
significant (Figure 6A). Moreover, consistent with NUMB playing a 
positive role in the transition from EE to LE, NUMB preferentially 
interacted with the GTP-bound active form of Rab7a rather than the 
GDP-bound inactive form (Figure 6A). We next investigated which 
isoforms of NUMB preferentially interacted with Rab7a/Rab7b. 
Both Rab7a and Rab7b preferentially interacted with p71-NUMB, 
p65-NUMB, and NUMBL (Supplemental Figure 6B).

To further investigate the specificity of these interactions, we 
investigated domain-specific interactions between NUMB and 
Rab7a/Rab7b and found that NUMBF and proline-rich regions 
of NUMB interacted with Rab7a/Rab7b (Supplemental Figure 
6C). To validate interaction of Numb and Rab7 within a cellular 
context, HeLa cells stably expressing EGFP-tagged NUMB and 
mCherry-tagged Rab7a were generated. EGFP-tagged NUMB 
substantially colocalized with mCherry-tagged Rab7a (Figure 6B). 
Together, the foregoing results were consistent with NUMB and 
NUMBL assisting in transitioning ERBB2 cargo from EEs to LEs 
via specific interactions of NUMB and NUMBL with Rab7.

STAT5 can directly interact with YAP1. Loss of Nb/Nbl caused 
aberrant activation of an ERBB2/STAT5 pathway, resulting in 
YAP1 nuclear localization. How aberrant activation of ERBB2/
STAT5 led to YAP1 nuclear translocation remained to be addressed. 
Because we had observed no decrease in Hippo-mediated YAP1 
phosphorylation (serine 112) in Nb/NbL cKOs, we hypothesized 
that STAT5 might interact with YAP1, thus retaining YAP1 in the 
nucleus, as pSTAT5 is retained in the nucleus (29, 42).

To investigate specific interactions between YAP1 and STAT5, 
we generated deletion mutants of YAP1 and STAT5 (Figure 6C). 
Interaction assays demonstrated that the transactivation domain 
of YAP1 was required for interaction with STAT5, while the SH2 
domain of STAT5 was required for interaction with YAP1 (Figure 
6, D and E). These data indicated that interaction of STAT5 with 
YAP1 could result in nuclear retention of YAP1.

NUMB interacts with NUMBL. Because our studies demonstrat-
ed that both NUMB and NUMBL specifically interacted with ERBB2 
and Rab7 to target ERBB2 to a degradative pathway, we wondered 
whether NUMB and NUMBL might also interact with each other. 
Indeed, NUMBL interacted with p65/p71 NUMB, while p65 NUMB 
interacted with NUMB itself, preferentially with the same isoform 

Partial block between EE and LE. Since we had observed reduced 
numbers of LEs in developing hearts of Nb/NbL cKOs, we examined 
the number of LEs in our HeLa system. We also examined the num-
ber of EEs marked by EEA1 (37). Consistent with in vivo data, LEs 
were reduced in Nb/NbL KO HeLa cells (Figure 5A). Examination 
of EEs demonstrated abnormally large aggregates in KO HeLa cells 
(Figure 5A). Quantitative analyses supported these findings (Figure 
5B). These observations suggested a partial block to vesicle traffick-
ing between the EE and LE consequent to loss of Nb/Nbl.

We further investigated colocalization of ERBB2 with EE or LE 
compartments. Colocalization of ERBB2 with LEs was significant-
ly reduced in Nb/NbL KO cells (Figure 5, C and E). In contrast, 
colocalization of ERBB2 with EEs was significantly increased in 

Figure 9. NUMB and NUMBL are multifaceted endocytic adaptors with 
key roles in cell cycle regulation. (A) Diagram of NUMB domains that 
interact with other proteins as identified in this study. (B) Model depicting 
the role of NUMB and NUMBL in cell cycle withdrawal. (C) Model depicting 
effects of NUMB and NUMBL loss on aberrant cell proliferation.
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sit-activated ERBB2 from the EE to the LE en route to a degradative 
pathway, thus downregulating ERBB2 signaling and leading to cell 
cycle withdrawal. In the absence of NUMB and NUMBL, activated 
ERBB2 is retained within the EE, functioning as a signalosome (46) 
and resulting in increased activation/phosphorylation of STAT5. 
STAT5 directly interacts with YAP1 to result in YAP1 nuclear localiza-
tion and activation of a YAP1-mediated proliferative program.

Four alternative splice isoforms of NUMB are expressed in a 
spatiotemporally distinct manner (10). We found that NUMB p65 
and p71 are most likely to work at the EE/LE interface, as these 
2 isoforms selectively interacted with Rab7 (Supplemental Figure 
7A). We also found that NUMB p65 demonstrated strong affinity 
for NUMBL (Supplemental Figure 7A), suggesting that NUMB and 
NUMBL may work, in part, as heterodimers (Figure 9A).

In both Nb/NbL cKO trabeculae and Nb/NbL KO HeLa cells, 
the number of LEs was decreased. Additionally, in Nb/NbL KO 
HeLa cells, we observed a significant increase in both the size and 
number of EEs (P=0.034 and 0.005, respectively). These obser-
vations suggest that a NUMB/NUMBL/Rab7 complex may be 
required for biogenesis of the LE/Lys, as Rab5 is required for EE bio-
genesis (47). Live cell imaging studies will be required in the future 
to fully understand how NUMB and NUMBL may affect vesicle bio-
genesis and trafficking.

Although both STAT5 and YAP1 mediate cell growth and 
oncogenic transformation, their interaction has not previously 
been described. Increased phosphorylation of STAT5 results in 
nuclear retention (48), and therefore interaction of pSTAT5 with 
YAP1 would be expected to result in nuclear retention of YAP1. 
Intriguingly, recent ChIP studies for YAP1 in a cardiomyocyte 
cell line indicated significant enrichment for STAT5-binding sites 
within the vicinity of YAP1-bound sites (49).

During formation of trabeculae, ERBB2 is required for ini-
tial delamination, directional migration, and proliferation (50). 
Factors regulating downregulation of ERBB2 in trabeculae are 
unknown. Here, we found selective enrichment of Nb/Nbl in tra-
becular myocardium and also found that loss of Nb/Nbl resulted 
in increased activation of ERBB2 and increased proliferation of 
trabeculae. Ectopically expressed or activated ERBB2 promotes 
proliferation of differentiated adult cardiomyocytes (32, 51, 52). 
Like ERBB2, activated YAP1 also induces proliferation of adult 
cardiomyocytes (20, 21). Our finding that YAP1 nuclear localiza-
tion is downstream of ERBB2 activation suggests that this pathway 
may also override cell cycle withdrawal in adult cardiomyocytes.

Loss of either ERBB2 or YAP1 in cardiomyocytes results 
in arrested embryonic growth at E9.5 and embryonic lethality 
by E10.5, with mutants exhibiting cardiac hypoplasia (2, 43). 
ERBB2 activation in this context is mediated, at least in part, 
by ERK phosphorylation (53). In Nb/NbL cKOs, we observed 
increased pSTAT5, but no increased pERK. It remains to be 
seen whether increased pSTAT5 represents overactivation of 
a pathway normally activated downstream of ERBB2 during 
trabeculation or ectopic activation of a pathway not normally 
operative during trabeculation. Global knockout of both Sta-
t5a and Stat5b does not result in embryonic lethality, but rather 
30% lethality within 48 hours following birth of undetermined 
causes (54). Thus, loss of Stat5a and Stat5b does not mimic phe-
notypes of Erbb2 or Yap1 myocardial knockouts. Together, these 

(Supplemental Figure 6D). NUMB interacted with NUMB itself 
through the phosphotyrosine-binding (PTB) domain and interacted 
with NUMBL through the PTB domain and the proline-rich region 
(Supplemental Figure 6E). These data suggested that NUMB might 
act as a homodimer or as a heterodimer with NUMBL.

Reduction of YAP1 or ERBB2 significantly rescues Nb/NbL cKO 
trabecular phenotypes. In HeLa cells, loss of Nb/Nbl caused aber-
rant nuclear localization of YAP1 in confluent conditions that was 
dependent on activation of an ERBB2/STAT5 pathway. To further 
substantiate this pathway as being causative for aberrant trabecu-
lar phenotypes in myocardial Nb/NbL cKOs, we performed in vivo 
rescue studies. Both ERBB2 and YAP1 are required prior to E10 for 
cardiomyocyte proliferation (2, 43), preceding the requirement for 
NUMB and NUMBL in trabecular cell cycle withdrawal. There-
fore, a “rescue” experiment with homozygous loss of function for 
these genes would be problematic. Accordingly, we performed 
rescue experiments with heterozygous loss-of-function alleles. 
Heterozygous floxed Yap1 or an Erbb2 null allele (44, 45) was 
introduced into Nb/NbL cKO backgrounds. Quantitative analy-
ses revealed that the thickened trabecular phenotype of Nb/NbL 
cKOs at E10.5 was significantly rescued by the presence of either 
the floxed Yap1 allele or the Erbb2 null allele, while these alleles 
did not affect the compact layer (Figure 7, A and B). Quantitative 
EdU analyses further demonstrated that heterozygosity for either 
Yap1 or Erbb2 significantly reduced aberrant trabecular prolifera-
tion in Nb/NbL cKOs (Figure 7, C and D).

Quantitative Western blot analyses of E10.5 hearts (Figure 
8, A and B) demonstrated that heterozygosity for Yap1 or Erbb2 
resulted in significantly decreased YAP1 or ERBB2 protein levels in 
Nb/NbL cKOs. Importantly, levels of NUMB were reduced to the 
same extent in the presence or absence of floxed Yap1 or null Erbb2 
alleles in Nb/NbL cKOs. Decreased levels of ERBB2 in Nb/NbL 
cKOs resulted in a significant reduction (P=0.030) in pSTAT5 lev-
els relative to Nb/NbL cKOs, indicating that increased pSTAT5 was 
dependent on ERBB2. In contrast, decreased levels of YAP1 had no 
effect on pSTAT5 levels relative to pSTAT5 levels in Nb/NbL cKOs, 
consistent with pSTAT5 acting upstream of YAP1. Together, these 
in vivo rescue studies demonstrated that trabecular phenotypes of 
Nb/NbL cKOs could be substantially rescued by loss of function 
for either ERBB2 or YAP1 and demonstrated the dependence of 
observed phenotypes on an ERBB2/STAT5/YAP1 pathway.

Discussion
Our in vivo analysis of cardiomyocyte-specific Nb/NbL cKO mice 
revealed increased proliferation and aberrant activation of an ERBB2/
STAT5/YAP1 pathway in mutant trabeculae that was accompanied 
by decreased numbers of LEs. Consistent with these in vivo findings, 
studies in Nb/NbL knockdown or KO HeLa cells revealed increased 
proliferation and aberrant nuclear localization of YAP1 under conflu-
ent conditions and decreased numbers of LEs. Aberrant YAP1 nuclear 
localization in Nb/NbL KO HeLa cells was dependent on ERBB2 and 
STAT5. In mouse embryos, heterozygous loss of function for ERBB2 
or YAP1 demonstrated substantial rescue of trabecular phenotypes 
in Nb/NbL cKOs. Our work suggests a model whereby NUMB and 
NUMBL regulate cell cycle withdrawal (Figure 9B) and whereby 
NUMB and NUMBL loss results in aberrant cell proliferation (Figure 
9C). NUMB and NUMBL bind Rab7 and ERBB2 (Figure 9A) to tran-
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Purification of GST-fused Rab proteins and NUMB interaction 
studies. GST-tagged Rab5a, Rab7a, Rab7b, and Rab11a were puri-
fied from BL21-competent E. coli cells as detailed in Supplemental 
Methods. Meanwhile, 293T cells were transiently transfected with 
the vector-expressing FLAG-tagged NUMB. Cell lysates were mixed 
with GDP- or GTPγS-bound Rab5a, Rab7a, Rab7b, or Rab11a recom-
binant proteins. After overnight incubation, each mixture was sub-
jected to GST pull-down, separated by SDS-PAGE, and analyzed 
with anti-FLAG antibody.

Transfection, immunoprecipitation, and Western blotting. 293T or HeLa 
cells were transfected using Lipofectamine LTX with Plus Reagent (Life 
Technologies). Cell lysates were harvested 48 hours after transfection and 
subjected to immunoprecipitation with anti-FLAG M2 affinity gel (Sig-
ma-Aldrich). After washing, immunocomplexes were resolved by SDS-
PAGE, transferred to PVDF membranes (Bio-Rad Laboratories), and 
reacted with HRP-conjugated antibodies. Signals were detected using 
Pierce ECL Western Blotting Substrate (Thermo Scientific).

Mouse tissue extraction and Western blotting. Embryonic heart ven-
tricles were lysed with PBS with 1% Triton X-100. After centrifugation, 
supernatants were subjected to immunoprecipitation with anti-ERBB2 
monoclonal antibody (3B5, Abcam), followed by Western blotting, or 
directly subjected to Western blotting without immunoprecipitation. 
Antibodies used are listed in Supplemental Methods. Western blots 
were quantitated with ImageJ software (NIH).

Quantitative analysis of intracellular vesicles. Z-stack series of pictures 
from 6 independent visual fields of 3 different samples were obtained 
for quantitation. To quantitate Lamp1-positive vesicles in trabecular 
myocytes, mouse tissue sections were quantitated with Image J soft-
ware. For HeLa cell data, the number and/or mean volume of LAMP1- 
or EEA1-positive endosomes and Pearson correlation coefficients were 
quantitated with Volocity 3D image analysis software. Parameters were 
set for the Volocity software to automatically detect each staining and 
were set equally for each sample to avoid any bias (Figure 5, B and E). 
Samples were prepared from 3 independent experiments.

Statistics. P values were calculated using unpaired 2-tailed Stu-
dent’s t test for single pairwise comparison, or 1-way or 2-way ANOVA 
with Tukey or Bonferroni-Holm post hoc analysis to correct for mul-
tiple comparisons. P values of less than 0.05 were considered signifi-
cant, and values shown are mean ± SD.

Study approval. All studies were performed with the approval of 
the University of California San Diego Institutional Animal Care and 
Use Program (IACUC).
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observations suggest that STAT5 activation is not required for 
early heart development, although redundancy with other STAT 
factors, such as STAT1, cannot be ruled out, as STAT1 has been 
shown to interact with YAP1 (55, 56).

Recent studies have identified NUMB as a tumor suppressor 
(11, 12). Our data reveal insights as to how NUMB and NUMBL 
may act as tumor suppressors, promoting termination of growth 
factor signaling by interacting with Rab7 to facilitate targeting 
of ERBB2, and potentially other oncogenic growth factor recep-
tors, to the LE for lysosomal degradation. Our work also uncovers 
unsuspected interactions between ERBB2 and YAP1, and STAT5 
and YAP1. Aberrant activation of ERBB2 (57), aberrant phosphor-
ylation of STAT5 (58), and aberrant nuclear localization of YAP1 
(59) have been observed in multiple cancer settings and are tar-
gets of cancer therapy. Our observation that STAT5 activation can 
override Hippo inhibition of YAP1 may be of particular relevance 
to therapeutic targeting, suggesting it will be of future interest for 
examining dual STAT5/YAP1 activation.

Methods
Mice. All animals were maintained and experiments were per-
formed in accordance with institutional guidelines at the Univer-
sity of California, San Diego. All mouse lines used in this study are 
listed in Supplemental Methods. Nb/Nbl null mutants were gen-
erated by crossing Nbfl/fl Nblfl/fl with Meox2-Cre mice. Numb cKOs 
were generated by crossing TnT-Cre NbΔ/WT with Nbfl/fl mice, while 
Nb/NbL cKOs were generated by crossing TnT-Cre NbΔ/WT NblΔ/Δ 
with Nbfl/fl NblΔ/Δ mice.

Plasmid construction. Each full-length cDNA was synthesized 
from total RNA extracted from mouse tissues, purchased, or provid-
ed as detailed in Supplemental Methods. The cDNA fragments of 
each deletion mutant were amplified by inverse PCR, followed by 
PCR-mediated recombination. Detailed nucleotide sequences are 
listed in Supplemental Methods.

Immunofluorescence. Mouse embryos and HeLa cells were fixed 
in 4% paraformaldehyde (PFA); then mouse embryos were embed-
ded in Tissue-Tek OCT compound. Mouse frozen sections or HeLa 
cells were permeabilized with 0.1% Triton X-100 and subsequently 
subjected to immunostaining. All antibodies used for immunohisto-
chemistry are described in detail in Supplemental Methods. Stained 
sections/cells were mounted with Dako fluorescence mounting medi-
um and visualized using an Olympus confocal microscope (FV1000), 
Deltavision OMX microscope, or Zeiss LSM8 Airyscan. EdU (Life 
Technologies) was intraperitoneally injected 2 hours before embryo 
dissection and detected with Click-iT EdU Alexa Fluor 647 Imaging 
Kit (Life Technologies).

Gene knockdown experiments and reverse transfection. Each siRNA 
was synthesized by Life Technologies and reverse transfected into 
HeLa cells using Lipofectamine RNAiMAX Reagent (Life Technol-
ogies) as previously described (60). Cells were plated at a density of 
90,000 cells/well on 8-well chamber slides (Lab-Tek) after coating 
with Fibronectin (F1141, Sigma-Aldrich). Sequence information for 
siRNAs is provided in Supplemental Table 2. Cells were fixed with 
4% PFA 48 hours after reverse transfection for immunostaining. For 
STAT5 inhibition, STAT5 inhibitor (N′-((4-Oxo-4H-chromen-3-yl)
methylene)nicotinohydrazide; Millipore) was added to cells at a final 
concentration of 100 μM 3 hours before fixation.
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