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Abstract

The Wnt/β-catenin signaling pathway is aberrantly activated in the majority of colorectal cancer 

cases due to somatic mutations in the adenomatous polyposis coli (APC) gene. Prohibitin 1 

(PHB1) serves pleiotropic cellular functions with dynamic subcellular trafficking facilitating 

signaling crosstalk between organelles. Nuclear-localized PHB1 is an important regulator of gene 

transcription. Using mice with inducible intestinal epithelial cell (IEC)-specific deletion of Phb1 
(Phb1iΔIEC) and mice with IEC-specific overexpression of Phb1 (Phb1Tg), we demonstrate that 

IEC-specific PHB1 combats intestinal tumorigenesis in the ApcMin/+ mouse model by inhibiting 

Wnt/β-catenin signaling. Forced nuclear accumulation of PHB1 in human RKO or SW48 CRC 

cell lines increased AXIN1 expression and decreased cell viability. PHB1 deficiency in CRC cells 

decreased AXIN1 expression and increased β-catenin activation that was abolished by XAV939, a 

pharmacological AXIN stabilizer. These results define a role of PHB1 in inhibiting the Wnt/β-

catenin pathway to influence the development of intestinal tumorigenesis. Induction of nuclear 

PHB1 trafficking provides a novel therapeutic option to influence AXIN1 expression and the β-

catenin destruction complex in Wnt-driven intestinal tumorigenesis.
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Introduction

Colorectal cancer (CRC) accounts for 8% of all cancer deaths globally with predicted 

continued increasing incidence and prevalence worldwide [1, 2]. The majority of CRCs 

(95%) are adenocarcinomas that originate in the intestinal epithelial cells (IECs) of the 

colorectal mucosa due to an accumulation of genetic mutations that confer their clonal 

advantage and expansion [3]. The initiation and progression of CRC is modelled by the 

“Vogelgram”, which describes the contribution of mutated suppressor genes and oncogenes 

in the onset and metastasis of cancer cells. Based on this model, normal epithelial LGR5+ 

stem cells undergo mutations in the adenomatous polyposis coli (APC) gene that involve the 

formation of a pre-malignant lesion (adenoma) that develops into a malignant lesion 

(carcinoma) followed by metastasis [4]. The Wnt/β-catenin signaling pathway regulates 

many fundamental cellular functions and is constitutively activated in ~80% of CRC cases 

due to somatic mutations in the APC or CTNNB1 (encoding β-catenin) genes [5]. The 

binding of Wnt ligands onto their receptors at the cell surface induces translocation of β-

catenin into the nucleus, which in turn activates the T-cell factor (TCF) and lymphoid 

enhancer factor (LEF) transcription factors to promote the expression of genes such as 

MYC, AXIN2, FZD, and CCND1 that can drive cellular proliferation. In the absence of Wnt 

ligands, cytosolic β-catenin is bound by a destruction complex consisting of APC, AXIN, 

glycogen synthase kinase 3β (GSK3β), and casein kinase 1α (CK1α) that facilitates β-

catenin phosphorylation and subsequent proteosomal degradation. APC genetic mutants lack 

binding sites for AXIN and abolish the formation of the β-catenin destruction complex 

resulting in aberrant Wnt/β-catenin activation [6].

Mitochondria are dynamic organelles that integrate cellular signaling and alter metabolism 

to match cellular energy demands. Bidirectional regulation between Wnt/β-catenin signaling 

and mitochondrial retrograde signaling is emerging as a key component in influencing cell 

fate decisions and tumor progression [7]. Prohibitin 1 (PHB1) is a scaffold protein that 

regulates mitochondrial function, cell survival, and transcription depending on subcellular 

localization [8, 9]. Dynamic partitioning of PHB1 between the mitochondria and nucleus of 

tumor cells has been shown to be signal-dependent and to influence apoptosis [10]. PHB1 is 

overexpressed in many cancers, including CRC, and is essential to maintain mitochondrial 

function during tumorigenesis [11]. However, a large number of studies indicate that PHB1 

acts as a tumor suppressor and prevents cell proliferation [12]. In CRC, PHB1 expression 

levels were not associated with prognosis or metastasis [13]. In normal IECs, PHB1 is 

predominantly localized in the mitochondria [14]. Although plasma membrane-localized 

PHB1 has been shown to promote CRC cell migration and metastasis [13, 15], the role of 

nuclear-localized PHB1 in CRC was not previously elucidated. Here, using human CRC cell 

lines overexpressing nuclear PHB1 and ApcMin/+ mice crossed to mice with inducible IEC-

specific deletion of Phb1 (Phb1iΔIEC) or mice with IEC-specific overexpression of Phb1 
(Phb1Tg), we demonstrate the role of PHB1 as an inhibitor of Wnt pathway-driven intestinal 

tumorigenesis.
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Results

PHB1 expression inversely correlates with β-catenin expression in intestinal and colonic 
adenomas.

The ApcMin/+ mouse model of intestinal tumorigenesis was used to determine PHB1 nuclear 

and cytosolic expression in adenomas. In isolated jejunum IECs or colonic mucosa of WT 

and ApcMin/+ mice, PHB1 was expressed in the cytosol with slight expression in the nuclear 

fraction (Fig. 1A, B). In isolated jejunum adenomas, PHB1 protein expression was increased 

in the cytosolic and nuclear fractions (Fig. 1A–C). In ApcMin/+ colon adenomas, PHB1 

protein expression was increased in the nuclear fraction in some colon adenomas (Fig. 1B), 

but across all mice this did not reach statistical significance (P = 0.183; Fig. 1D). Since the 

ApcMin/+ intestinal tumorigenesis model is driven by robust Wnt/β-catenin overexpression, 

we also measured β-catenin in the same nuclear and cytosolic extracts. As expected, β-

catenin protein expression was increased in nuclear fractions and decreased in cytosolic 

fractions from isolated jejunum (Fig. 1A, E) and colonic (Fig.1B, F) adenomas, suggesting 

β-catenin activation. Interestingly, in jejunum and colonic adenomas, PHB1 nuclear 

expression inversely correlated with β-catenin nuclear expression (Fig. 1G).

Phb1 deletion in IECs increases intestinal and colonic tumorigenesis in ApcMin/+ mice.

Mice with inducible IEC-specific deletion of Phb1 (Phb1iΔIEC) were recently described [16]. 

These mice have been characterized up to 12 weeks following deletion of Phb1 without 

evidence of spontaneous neoplasia in the small intestine or colon. Phb1iΔIEC mice and 

control Phb1fl/fl mice were crossed to ApcMin/+ mice. PHB1 western blotting verified loss of 

expression in IECs of PhbiΔIEC/ApcMin/+ mice and no alteration of PHB1 expression in 

adenomas of Phbfl/fl/ApcMin/+ mice compared to ApcMin/+ mice (Supplementary Fig. S1). 

PhbiΔIEC/ApcMin/+ mice exhibited increased number of adenomas per mouse in the small 

intestine and colon compared to Phbfl/fl/ApcMin/+ mice (Fig. 2A). Total adenoma size (mm) 

per mouse was increased in PhbiΔIEC/ApcMin/+ mice (Fig. 2B) with 8.3% ± 2.2 of adenomas 

in PhbiΔIEC/ApcMin/+ mice reaching >3 mm in size compared to only 0.3% ± 0.3 of 

adenomas in Phbfl/fl/ApcMin/+ mice (Fig. 2C). As expected, all PhbiΔIEC/ApcMin/+ and 

Phbfl/fl/ApcMin/+ mice developed the majority of adenomas in the mid- and distal small 

intestine with less frequent adenomas in the colon (Fig. 2D). Interestingly, PhbiΔIEC/
ApcMin/+ mice exhibited highly significant increases in colonic adenoma numbers and size 

per mouse (Fig. 2A, B, E) with 14.2% ± 3.0 of total adenomas in PhbiΔIEC/ApcMin/+ mice 

located in the colon compared to only 2.8% ± 1.6 in Phbfl/fl/ApcMin/+ mice (Fig. 2D). These 

results suggest that deletion of Phb1 expression in IECs exacerbates the initiation and 

development of Wnt signaling-driven intestinal tumorigenesis. Adenoma incidence and 

growth in the colon is greatly increased during Phb1 deletion, an anatomical location 

normally with infrequent adenomas compared to the small intestine in the ApcMin/+ model 

[17].

PhbiΔIEC/ApcMin/+ mice exhibit increased proliferation in adenomas and colonic IECs.

To determine whether IEC-specific deletion of Phb1 fosters a pro-survival environment 

enhancing Wnt-driven tumorigenesis, cell proliferation and apoptosis were measured in 

Phbfl/fl/ApcMin/+ and PhbiΔIEC/ApcMin/+ mice. Since our previous results demonstrated that 
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PhbiΔIEC mice develop spontaneous intestinal inflammation in the ileum while sparing more 

proximal segments of small intestine or colon [16], we assayed anatomical locations in 

which inflammation does not develop at this time point in these mice (jejunum and colon). 

PCNA, a marker of proliferation, was most highly expressed in jejunum and colon adenomas 

from Phbfl/fl/ApcMin/+ mice compared to PhbiΔIEC/ApcMin/+ adenomas (Fig. 3A, B). Isolated 

IECs from colon, but not jejunum, of PhbiΔIEC/ApcMin/+ mice exhibited increased PCNA 

expression compared to IECs of Phbfl/fl/ApcMin/+ mice, but this did not reach the increased 

PCNA expression found in colonic adenomas (Fig. 3A, B). Consistent with these results, 

Ki67 immunohistochemical staining demonstrated increased Ki67+ cells in jejunum and 

colonic adenomas of PhbiΔIEC/ApcMin/+ mice compared to adenomas of Phbfl/fl/ApcMin/+ 

mice (Fig. 3C, D and Supplementary Fig. S2). In non-tumor regions, Ki67+-cells were 

increased in colonic crypts, but not jejunum crypts, of PhbiΔIEC/ApcMin/+ (Fig. 3D). As a 

marker of apoptosis, cleaved Caspase 3 expression was decreased in jejunum and colonic 

adenomas in both PhbiΔIEC/ApcMin/+ and Phbfl/fl/ApcMin/+ mice compared to isolated 

normal IECs, but there was no further change in cleaved Caspase 3 expression by Phb1 
deletion (Supplementary Fig. S3A, B). TUNEL immunofluorescent staining demonstrated 

similar TUNEL+ expression in adenomas from PhbiΔIEC/ApcMin/+ and Phbfl/fl/ApcMin/+ 

mice (Supplementary Fig. S3C). These results suggest that loss of Phb1 expression in IECs 

enhances proliferation in adenomas and colonic IECs without affecting apoptosis.

β-catenin activation is increased in PhbiΔIEC mice.

We next measured Wnt/β-catenin activation in PhbiΔIEC/ApcMin/+ and Phbfl/fl/ApcMin/+ 

mice. During Phb1 deletion, adenomas from both jejunum and colon exhibited increased 

expression of Wnt target genes Mmp7, Ccnd1, and Tcf4 compared to adenomas from 

Phbfl/fl/ApcMin/+ mice (Fig. 4A). Highest expression of Mmp7 and Ccnd1 was demonstrated 

in colon adenomas from PhbiΔIEC/ApcMin/+ mice, with colon adenomas expression 

significantly increased compared to jejunum adenomas during Phb1 deletion (Fig. 4A). In 

addition, Ccnd1 and Tcf4 were increased in Phb1 deficient IECs isolated from jejunum and 

colon (Fig. 4A). β-catenin protein was highly abundant in isolated adenomas from 

PhbiΔIEC/ApcMin/+ mice compared to Phbfl/fl/ApcMin/+ mice (Fig. 4B, C). AXIN1, the core 

molecule and limiting component of the β-catenin degradation complex, was recently shown 

to possess a putative PHB1 binding domain in the promoter region [18]. Axin1 mRNA (Fig. 

4A) and protein (Fig. 4B, C) expression was concomitantly decreased in PhbiΔIEC/ApcMin/+ 

IECs and adenomas compared to Phbfl/fl/ApcMin/+ mice.

IEC-specific Phb1 overexpression ameliorates intestinal tumorigenesis in ApcMin/+ mice.

To confirm the role of PHB1 in intestinal tumorigenesis in ApcMin/+ mice, mice with IEC-

specific overexpression of Phb1 driven by the Villin promoter (Phb1Tg mice) [19] were 

crossed to ApcMin/+ mice. Phb1Tg/ApcMin/+ mice developed fewer adenomas per mouse in 

the small intestine and colon compared to ApcMin/+ mice (Fig. 5A). Since PHB1 is 

overexpressed in various types of cancers [20] and has been reported as increased in CRC 

[21, 22], Phb1Tg mice were assessed for adenoma formation alongside ApcMin/+ and 

Phb1Tg/ApcMin/+ mice. No adenomas were evident in Phb1Tg mice (Fig. 5A), suggesting 

that PHB1 overexpression in IECs is not sufficient to initiate intestinal tumorigenesis. Total 

adenoma size (mm) per mouse in the small intestine and colon was decreased in Phb1Tg/
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ApcMin/+ mice compared to ApcMin/+ mice (Fig. 5B). PHB1 overexpression did not alter the 

anatomical location of adenomas (Fig. 5C) or the size distribution of adenomas, with the 

majority being 1–2 mm in size (Fig. 5D).

Phb1Tg/ApcMin/+ mice exhibit decreased proliferation, increased apoptosis, and decreased 
β-catenin activation in intestinal adenomas.

As a measure of proliferation, PCNA protein expression was increased in jejunum and colon 

adenomas in both ApcMin/+ and Phb1Tg/ApcMin/+ mice compared to normal IECs (Fig. 6A, 

B), but induction was dampened in Phb1Tg/ApcMin/+ adenomas compared to ApcMin/+ 

adenomas (Fig. 6A, B). The number of Ki67+ cells in adenomas of Phb1Tg/ApcMin/+ mice 

was decreased compared to adenomas of ApcMin/+ mice (Fig. 6C, D and Supplementary Fig. 

S4). The number of Ki67+ cells in histologically normal regions were not altered by PHB1 

overexpression (Fig. 6C, D). In agreement, normal IECs from Phb1Tg/ApcMin/+ mice 

exhibited PCNA expression similar to IECs from ApcMin/+ mice (Fig. 6A, B).

IEC-specific PHB1 overexpression was previously shown to be associated with increased 

apoptosis during a mouse model of colitis-associated cancer [23]. To determine whether 

PHB1 overexpression alters apoptosis in a model of spontaneous intestinal tumorigenesis, 

cleaved Caspase 3 and TUNEL staining were measured in ApcMin/+ and Phb1Tg/ApcMin/+ 

mice. Cleaved Caspase 3 expression was not altered by PHB1 overexpression in isolated 

IECs from jejunum or colon (Supplementary Fig. S5A, B). Cleaved Caspase 3 was 

decreased in jejunum and colonic adenomas in ApcMin/+ and Phb1Tg/ApcMin/+ mice 

compared to normal IECs, with Phb1Tg/ApcMin/+ adenomas exhibiting significantly higher 

expression than ApcMin/+ adenomas (Supplementary Fig. S5A, B). Consistent with these 

results, the number of TUNEL+ cells per adenoma was increased in Phb1Tg/ApcMin/+ mice 

compared to ApcMin/+ mice (Supplementary Fig. S5C, D). PHB1 overexpression decreased 

Wnt target gene expression, including Mmp7, Ccnd1, and Tcf4, in adenomas (Fig. 7A). This 

was consistent with decreased β-catenin protein expression and less nuclear localized β-

catenin in Phb1Tg/ApcMin/+ adenomas compared to ApcMin/+ adenomas (Fig. 7B, C). Axin1 

expression was increased in Phb1Tg/ApcMin/+ IECs and adenomas (Fig. 7A, B). These 

results suggest that PHB1 overexpression in IECs decreases proliferation and increases 

apoptosis in Wnt-dependent adenomas.

Relative expression of PHB1 regulates β-catenin activation in RKO and SW48 human CRC 
cell lines.

The role of PHB1 in cancer has been described as pro- and anti-tumorigenic depending on 

the tumor type [12]. This discrepancy has been proposed to be dependent on the subcellular 

localization of PHB1 [20, 24]. PHB1 possess a leucine/isoleucine nuclear export sequence 

(NES) at the C-terminus (aa 257–270) that is necessary for PHB1 export from the nucleus 

[10]. At the N-terminus of PHB1, a transmembrane domain (aa 2–24) anchors PHB1 to the 

inner mitochondrial membrane or cell membrane [24]. This structure facilitates dynamic 

shuttling of PHB1 between the nucleus and cytosol in a signal-dependent manner which has 

been shown to influence cell fate decisions [10]. PHB1 and β-catenin nuclear protein 

expression across human CRC cell lines SW48, HCT-116, SW480, Caco2, and RKO was 

compared to CCD-18Co non-transformed colon cells. β-catenin was most abundantly 
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expressed in nuclei of SW480 cells, followed by HCT-116, SW48, and Caco2 cells 

(Supplementary Fig. S6A). CCD-18Co and RKO cells, which do not harbor genetic 

mutations that aberrantly activate the Wnt/β-catenin pathway, exhibited the lowest nuclear 

β-catenin expression. Although PHB1 was not abundantly expressed in the nuclei of these 

cell lines, its expression was highest in CCd-18Co, RKO, and Caco2 cells versus SW48, 

HCT-116, and SW480 (Supplementary Fig. S6A). To overexpress PHB1, RKO (wild-type 

for Wnt/β-catenin genes) and SW48 (mutant at S33 of β-catenin and exhibits aberrant 

activation of Wnt/β-catenin signaling [25]) were transfected with pCDNA4 vector (V), the 

full-length coding sequence of PHB1 (pCDNA4-PHB1; PHB1-FL), or pCDNA4-PHB1ΔNES 

lacking the nuclear export signal. RKO and SW48 cells overexpressing PHB1-FL or 

PHB1ΔNES demonstrated increased nuclear PHB1 and decreased nuclear β-catenin 

expression (Fig. 8A and Supplementary Fig. S6B). PHB1-FL or PHB1ΔNES overexpression 

increased AXIN1 mRNA expression and decreased cell viability, with the greatest decrease 

in SW48 cells that harbor aberrant Wnt/β-catenin activation (Fig. 8B, C).

To determine whether loss of PHB1 expression alters β-catenin activation in human CRC 

cell lines, RKO and SW48 cells were transfected with 2 unique siRNAs against PHB1 to 

knockdown PHB1 expression. PHB1 deficiency decreased AXIN1 mRNA and protein 

expression and increased β-catenin accumulation (Fig. 8D–F and Supplementary Fig. S6C, 

D). To determine whether the increase β-catenin activation during PHB1 knockdown is 

mediated by decreased AXIN1 levels, RKO and SW48 cells transfected with siPhb1 were 

treated with XAV939, a tankyrase inhibitor that results in AXIN1 protein accumulation [26]. 

As expected, XAV939 decreased TCF/LEF transcriptional activation in siNegative control 

cells (Fig. 8G). Additionally, XAV939 abolished siPhb1-induced TCF/LEF transcriptional 

activation with the most significant decrease in SW48 cells (Fig. 8G), suggesting that PHB1 

deficiency results in loss of AXIN1 expression in CRC cells that can be restored by XAV939 

to reduce β-catenin activation.

Discussion

The role of PHB1 in tumorigenesis is context-dependent and varies between tissue/tumor 

types. Although PHB1 expression is increased in CRC [21, 22], little was previously known 

regarding the expression or role of PHB1 in neoplasia prior to transformation. Using mice 

with IEC-specific overexpression or deletion of Phb1, we show that relative levels of PHB1 

in IECs regulate adenoma formation in ApcMin/+ mice. IEC-specific overexpression of Phb1 
inhibited Wnt/β-catenin activation, decreased proliferation, and increased apoptosis in 

ApcMin/+ adenomas, resulting in decreased adenoma numbers and size. Deletion of Phb1 in 

IECs increased Wnt/β-catenin activation and cell proliferation, resulting in increased 

ApcMin/+ adenoma numbers and size, with adenoma incidence and progression in the colon 

greatly enhanced. Importantly, we demonstrate that nuclear accumulation of PHB1 in CRC 

cell lines increased AXIN1 mRNA expression, decreased β-catenin nuclear expression, and 

decreased cell viability. Collectively, these results suggest that PHB1 plays an important role 

in regulating Wnt-dependent intestinal tumorigenesis. Complimentary results demonstrating 

that PHB1 acts as negative regulator of Wnt/β-catenin were reported in mouse liver and 

human hepatocarcinoma cells via inhibition of E2F1-induced Wnt10a or WNT9A promoter 

activation [27].
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PHB1 serves diverse functions in the cell including regulation of cell cycle progression, 

apoptosis, and transcription depending on its subcellular localization [8]. Polymorphisms of 

the PHB1 gene have been linked to gastric, breast, ovarian, and skin cancers but whether 

these polymorphisms alter PHB1 function or subcellular localization has not been studied 

[28]. In normal IECs, PHB1 is predominantly localized in the mitochondria, where it has 

been shown to be required for optimal activity of the electron transport chain [14, 29–31]. 

Given the role of PHB1 in driving oxidative phosphorylation, mitochondrial localization of 

PHB1 in CRC cells likely sustains energy production necessary for transformed cells which 

rely on both oxidative phosphorylation and glycolysis [32]. The protein structural domains 

of PHB1 facilitates dynamic shuttling between the mitochondria, nucleus, and plasma 

membrane and in this way, PHB1 trafficking mediates signaling crosstalk between cellular 

organelles. Plasma membrane-localized PHB1 has been shown to promote metastasis [15] 

and migration of CRC cells in response to extrinsic chemotaxis [13].

The role of nuclear-localized PHB1 in CRC was not previously elucidated. Emerging 

evidence demonstrates bidirectional crosstalk between mitochondria and the Wnt pathway, 

specifically demonstrating Wnt signaling regulation of mitochondrial function including 

mitochondrial biogenesis, metabolism, and dynamics, as well as mitochondrial-directed 

regulation of Wnt signaling as a mechanism to influence cell fate decisions and 

tumorigenesis [7]. Our results demonstrating that forced nuclear accumulation of PHB1 by 

PHB1-FL or PHB1ΔNES overexpression in human RKO and SW48 CRC cells decreased 

Wnt/β-catenin activation and cell viability suggest that PHB1 serves as a mediator of 

mitochondria-to-nuclear signaling to regulate the Wnt pathway. Interestingly, nuclear 

accumulation of PHB1 induced the greatest decrease (72.7% ± 3.8) in cell viability in SW48 

cells that harbor aberrant Wnt/β-catenin activation, suggesting that nuclear PHB1 expression 

may have therapeutic potential against Wnt-dependent CRC. Our recent study demonstrated 

that the synthetic small molecule FL3 induced nuclear partitioning of PHB1 in human CRC 

cells lines, suggesting a potential mechanism to therapeutically target this pathway [18]. 

Further evidence for PHB1/Wnt crosstalk is provided by a recent study demonstrating that 

PHB1 is a direct target gene of Wnt in leukemia cells via a TCF4 site in the PHB1 promoter 

[33]. Although Wnt regulation of PHB1 has not been studied in CRC, we speculate that the 

increased PHB1 expression in CRC specimens [21, 22] could, in part, be driven by Wnt.

AXIN1 or AXIN2 are the rate-limiting components of the β-catenin destruction complex 

with redundant functions in vivo in terms of inhibition of canonical Wnt/β-catenin signaling 

[34]. AXIN1 is ubiquitously expressed and acts a tumor suppressor protein, whereas AXIN2 

is a Wnt/β-catenin transcriptional target gene [35]. AXIN1 and AXIN2 undergo proteasomal 

degradation by tankyrase with even small increases in AXIN protein altering β-catenin 

abundance [36]. Interestingly, the promoter region of AXIN1 was recently shown to possess 

a putative PHB1 binding domain [18]. Phb1Tg/ApcMin/+ mice and PhbiΔIEC/ApcMin/+ mice 

exhibited increased and decreased Axin1 mRNA expression, respectively, suggesting that 

relative IEC-specific PHB1 expression regulates Axin1 transcription. Overexpression of 

nuclear PHB1 in RKO and SW48 CRC cell lines increased AXIN1 mRNA expression and 

decreased transcriptional activation by β-catenin. Furthermore, knockdown of PHB1 
expression in RKO and SW48 cells decreased AXIN1 mRNA expression and increased 

TCF/LEF transcriptional activation that was abolished by restoring AXIN1 abundance with 
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XAV939 treatment. These results suggest that nuclear PHB1 inhibits Wnt/β-catenin-

signaling, in part through AXIN1 regulation, to suppress Wnt-driven intestinal 

tumorigenesis. Current tankyrase inhibitors that stabilize AXIN have shown effectiveness in 

ApcMin/+ mice and some APC-mutant CRC cell lines, suggesting that full-length APC 

function may not be strictly required for AXIN to degrade β-catenin [37]. The tight control 

AXIN1 expression exerts on the β-catenin destruction complex is a property currently being 

exploited in the development of novel therapeutics for Wnt-driven cancers [36] and our 

results suggest that nuclear PHB1 upregulation of Axin1 expression is sufficient to impact 

tumor growth in the absence of normal APC activity.

No adenomas were evident in Phb1Tg mice or in PhbiΔIEC mice, suggesting that PHB1 

overexpression or deletion, respectively, in IECs was not sufficient to initiate intestinal 

tumorigenesis. In fact overexpression of PHB1 in normal IECs did not alter proliferation, 

apoptosis, or Wnt/β-catenin signaling, suggesting that PHB1 overexpression only alters 

Wnt/β-catenin activation after neoplastic progression. Future studies will determine whether 

PhbiΔIEC mice develop spontaneous intestinal neoplasia at time points beyond 12 weeks 

after the induction of Phb1 deletion. For instance, liver-specific Phb1 deficient mice develop 

hepatocellular carcinoma from 20 weeks of age [38]. Interestingly, in PhbiΔIEC/ApcMin/+ 

mice, adenoma incidence and growth was greatly increased in the colon, an anatomical 

location normally with infrequent adenomas compared to the small intestine in the ApcMin/+ 

model [17]. We speculate that enhanced colonic tumorigenesis during IEC-specific Phb1 
deletion could be due to differing microbiota abundance and diversity between colon and 

small intestine, with colonic microbiota reported to influence CRC tumorigenesis [39]. 

Perhaps Phb1 deletion and ApcMin/+ in IECs, coupled with colonic microbiota, is a 

combination that drives colonic adenoma formation. Future studies using antibiotic-treated 

or germ-free PhbiΔIEC/ApcMin/+ mice will determine the role of microbiota in adenoma 

formation in this model.

In summary, these results define a role of PHB1 in inhibiting the Wnt/β-catenin pathway, 

thereby influencing the initiation and progression of intestinal tumorigenesis. Nuclear 

partitioning of PHB1 in human CRC cells was demonstrated to potently induce AXIN1 
expression, inhibit β-catenin activation, and decrease cell viability, with the greatest efficacy 

in CRC cells harboring aberrant activation of the Wnt/β-catenin pathway. Induction of 

nuclear PHB1 trafficking provides a novel therapeutic option to influence AXIN1 expression 

and the β-catenin destruction complex in Wnt pathway-driven intestinal tumorigenesis.

Materials and Methods

Animal models

All mice were grouped-housed in standard cages under a controlled temperature (25˚C) and 

photoperiod (12-hour light /dark cycle) and were allowed standard chow and tap water ad 
libitum. All experiments were approved by the Baylor Scott & White Research Institute or 

University of Colorado Anschutz Medical Campus Institutional Animal Care and Use 

Committee. Experiments were performed with age- and gender-matched littermate mice. 

Animals were allocated to experimental groups based on genotype, no further randomization 

was used.
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Phb1fl/fl mice (C57Bl/6 genetic background), Phb1iΔIEC mice (C57Bl/6 background and 

previously described [16]), and Phb1Tg mice (C57Bl/6 background and previously 

described [19]) were crossed to ApcMin/+ mice (Jackson Labs). The resulting offspring were 

genotyped by PCR analysis of tail genomic DNA obtained at weaning for expression of the 

floxed Phb1 allele, Villin-Cre-ERT2 transgene, Phb1Tg transgene, or ApcMin/+ mutation 

using primer sequences previously described [16, 17, 19]. Wild-type (WT) C57Bl/6 mice 

were obtained from Jackson labs. Starting at 8 weeks of age, Phb1fl/fl mice and Phb1iΔIEC 

mice were i.p. injected with 100 μl of 10 mg/ml tamoxifen for 4 consecutive days to induce 

deletion of Phb1 as previously described [40]. To ensure continuity of Phb1 deletion, 

tamoxifen injections were repeated at 12, 16, and 19 weeks of age [40]. All mice were aged 

to 20 weeks and the entire small intestine and colon were excised, cut open longitudinally, 

and neoplasia number and size was quantitated by investigators blind to genotype using a 

dissecting microscope and prepared for histological evaluation or biochemical analyses. 

Adenomas were isolated using a dissecting microscope and combined by anatomical 

location (duodenum, jejunum, ileum, and colon). IECs were then isolated as previously 

described [41]. Since colon IECs produced low protein yield for nuclear and cytosolic 

fractionation, colonic mucosa was mechanically separated from the muscularis using a glass 

slide and processed for protein cell fractionation.

Cell culture

RKO (CRL-2577), SW48 (CCL-231), SW480 (CCL-228), Caco2 (HBT-37), HCT-116 

(CCL-247), and CCD-18Co (CRL-1459) cells were acquired from the American Type 

Culture Collection (ATCC). Cells were cultured in 1X Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 10% fetal bovine serum and 40 mg/L penicillin and 90 mg/L 

streptomycin. Cells were maintained in an incubator with 5% CO2 at 37°C. All experiments 

were performed on RKO cells between passages 5 and 14 and SW48 between passages 4 

and 10. All cell lines were verified mycoplasma free using Genlantis MycoScope PCR 

Detection kit as recently as March 2020 (Fisher Scientific). To overexpress nuclear PHB1, 

RKO and SW48 cells were transiently transfected for 72 hr using Nucleofector T kit (Lonza) 

with pCDNA4 expression vector (V), full-length coding region of PHB1 (pCDNA4-PHB1), 

or PHB1 with the nuclear export signal deleted (aa Δ256–271) and referred to as PHB1ΔNES 

herein [14]. To knockdown PHB1 expression, cells were transiently transfected with Stealth 

RNAi™ against Phb1 (5′-CAGAAUGUCAACAUCACACUGCGCA −3′, Invitrogen, 

referred to as siPhb1a herein), a second pooled siPhb1 (FlexiTube GeneSolution GS5245, 

Qiagen, referred to as siPhb1b herein), or Stealth RNAi™ siRNA Negative Control Med GC 

(Invitrogen) at 20 μm concentration for 48 hr and treated with tankyrase inhibitor/AXIN 

stabilizer 10 μM XAV939 (Sigma-Aldrich) for 16 hr.

SDS-PAGE and western immunoblot analysis

Protein lysates were separated by SDS-PAGE electrophoresis for western blotting. Nuclear 

and cytosolic proteins were extracted using the Qproteome Nuclear Protein Kit (Qiagen). 

The following antibodies were detected by chemiluminesence: PHB1 (PA5–17325, 

ThermoFisher) Axin1 (2087T, Cell Signaling), β-catenin (9581, Cell Signaling), Cleaved 

Caspase 3 (9661, Cell Signaling), PCNA (ab29, Abcam), TBP (ab818, Abcam), β-actin 

(A1978; Sigma-Aldrich). Densitometric units were measured using Photoshop CC and target 
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proteins were normalized to TBP (nuclear extracts) or β-actin (cytosolic extracts) as loading 

controls. Whole membrane scans of western blots are shown in Supplementary Figures S7–

S10.

RNA isolation and quantitative real-time PCR analysis

For quantitative real-time RT-PCR analysis, total RNA was isolated using Trizol (Invitrogen) 

and was transcribed into cDNA using a High Capacity cDNA Reverse Transcription kit 

(Applied Biosystems). Gene expression analysis was performed using Power SYBR Green 

Master Mix Assay (Applied Biosystems) on a Step One Plus real-time PCR detection system 

(Applied Biosystems). 18S was used as a control and results were calculated using the Δ-

ΔCt method. The following primers were used: Mmp7 sense: 5’-

GCTGCCACCCATGAATTTGG-3’; Mmp7 antisense: 5’-

GCCTGCAATGTCGTCCTTTG-3’; Ccnd1 sense: 5’-GCTGCGAAGTGGAAACCATC-3’; 

Ccnd1 antisense: 5’-TTGAAGTAGGACACCGAGGG-3’; Tcf4 sense: 5’-

CAGGGACCTTGGGTCACAT-3’; Tcf4 antisense: 5’-CAAGGAGACTCTGGTGGCAA-3’; 

Phb1 sense: 5′-GCATTGGCGAGGACTATGAT-3; Phb1 antisense 5′-
CTCTGTGAGGTCATCGCTCA-3′; Axin1 sense: 5′-CCTGTGGTCTACCCGTGTCT-3’; 

Axin1 antisense: 5′-CTGGCTTTGGTGAACTGTTG-3’; 18S sense: 5’-

CCCCTCGATGCTCTTAGCTGAGTGT-3’; 18S antisense: 5’-

CGCCGGTCCAAGAATTTCACCTCT-3’.

Cell viability assay

Lactate dehydrogenase (LDH) detection kit (Takara Clontech) was used to measure cell 

cytotoxicity. An aliquot of 100 μl of culture media was added to 100 μl of LDH reagent and 

percentage of viable cells were measured according to the manufacturer’s protocol.

TCF/LEF luciferase reporter

Cell lines were Nucleofected with TCF/LEF Cignal Reporter construct containing TCF/LEF 

inducible firefly luciferase coupled with a constitutively active renilla luciferase construct 

(Qiagen; CCS018L). Negative control cells were Nucleofected with a non-inducible firefly 

luciferase reporter/constitutively active renilla luciferase construct (Qiagen; CCS018L). 

Dual luciferase activity was measured using the Dual Luciferase Reporter Assay (Promega; 

0000262556).

Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) staining

Immunofluorescent TUNEL staining was performed to measure apoptosis using the In Situ 

Cell Death Detection kit as described by the manufacturer (Roche). Nuclei were stained with 

4, 6’diamidino-2-phenylindole (DAPI). The number of TUNEL+ cells in were counted in all 

adenomas in swiss-rolled intestine and colon.

Immunohistochemistry

Five-micrometer paraffin-embedded sections of mouse intestine were incubated with β-

Catenin (9581, Cell Signaling) or Ki67 (ACK02, Leica) antibody. Elimination of primary 

antibody or IgG control antibody was used as a negative control. ABC kit (Vector Labs) and 
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DAB staining (Dako) were performed according to manufacturer’s protocol. Tissue sections 

were briefly counter-stained with hematoxylin (Sigma) to visualize tissue morphology and 

imaged using Zeiss Axioskop Plus microscope. The number of Ki67+ cells per crypt was 

counted in 50 well-oriented crypts. All adenomas in each section were digitally captured at 

20× magnification. Using Image J software (NIH), DAB staining was quantified as 

previously described (9) and expressed as the percentage of the whole region of interest. 

Percentage values from the same mouse were then averaged.

Immunofluorescence

Cells were plated on coverslips, fixed in 4% paraformaldehyde for 20 min, and 

permeabilized in 0.2% Triton-X100 in 1x PBS for 10 min on ice. After washing in 1x PBS, 

cells were incubated with blocking buffer (2% BSA in 1x PBS) for 1 hr followed by 

incubation with primary antibodies (β-Catenin (9581, Cell Signaling) at 1:50 dilution in 

blocking buffer and PHB1 (PA5–17325, ThermoFisher) at 1:100 dilution) for 16 hr at 4°C. 

After washing in 1x PBS, cells were incubated with secondary antibodies (Rhodamine 

Red™-X (RRX) AffiniPure F(ab’)₂ Fragment Donkey Anti-Rabbit IgG, 711-296-152, 

Jackson Immuno and FITC AffiniPure F(ab’)₂ Fragment Donkey Anti-Mouse IgG) at 1:500 

dilution for 1 hr. Cells were then stained with 4′,6-Diamidino-2-phenylindole 

dihydrochloride (DAPI, D9542, Sigma) at 1:1000 in 1x PBS for 5 min. Cells were 

visualized using Zeiss Axioskop Plus microscope.

Statistical analysis

Data are presented as mean ± SEM. Setting a 2-fold increase or decrease in adenoma 

number as a biologically relevant response to Phb1 deletion or overexpression, respectively, 

with an alpha and beta level set at 0.05 and 0.2, a sample size of n = 10 mice per group was 

used to power the study (Stata version 9, StataCorp). An unpaired two-tailed Student’s t test 

was used for single comparisons, one-way ANOVA with Bonferroni post hoc test for 

multiple comparisons, and two-way ANOVA with Bonferroni post hoc test for assessing the 

combination of genotype and anatomical location or XAV939 treatment (GraphPad Prism 

8.2). The data met the assumptions of the utilized statistical tests. Sum of squares between 

groups indicated variance between groups being compared during ANOVA. Spearman rank 

was used to analyze the correlation of PHB1 densitometric units with β-catenin 

densitometric units (Prism). P < 0.05 was considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PHB1 expression inversely correlates with β-catenin expression in adenomas.
Western blots of nuclear and cytosolic protein fractions of isolated IECs from jejunum (A) 

or mucosa of colon (B) of wild-type (WT) and ApcMin/+ mice or isolated adenomas from 

ApcMin/+ mice. *denotes non-specific band in (A), likely family member PHB2. Mean ± 

SEM of PHB1 western blot densitometry in jejunum (C) or colon (D). Mean ± SEM of β-

catenin western blot densitometry in jejunum (E) or colon (F). (G) Spearman rank 

correlation of western densitometry in nuclear fraction of adenomas. n = 3 mice per group. 

*P < 0.05, **P < 0.01 vs. WT IECs by one-way ANOVA followed by Bonferroni’s test.
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Figure 2. Phb1 deletion in IECs increases intestinal tumorigenesis in ApcMin/+ mice.
(A) Average total adenoma counts per mouse. (B) Average total adenoma size per mouse. 

(C) Size percent distribution of adenomas. (D) Anatomical percent distribution of adenomas. 

(E) Representative photographs of colonic adenomas (arrows). n = 10 mice per group. *P < 

0.05, **P < 0.01, ***P < 0.005, ***P < 0.001 by unpaired, two-tailed Student’s t test.
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Figure 3. PhbiΔIEC/ApcMin/+ mice exhibit increased proliferation in adenomas and colonic IECs.
(A) Representative western blots of PCNA (marker of proliferation) in isolated IECs or 

adenomas from Phbfl/fl/ApcMin/+ or PhbiΔIEC/ApcMin/+ mice compared to IECs from wild-

type (WT) mice. (B) Mean ± SEM of PCNA normalized to β-actin densitometric units. n = 3 

(WT) or 6 mice (all other groups). *P < 0.05 vs Phbfl/fl/ApcMin/+ IECs, #P < 0.05 vs 

Phbfl/fl/ApcMin/+ adenomas by one-way ANOVA followed by Bonferroni’s test. (C) Ki67 

immunohistochemistry staining in adenomas or normal adjacent tissue. Scale bars: 100 μm; 

boxed pullouts: 50 μm. (D) Ki67+ cells/crypt and percentage of the area of Ki67 

immunostaining in adenomas per mouse ± SEM. Mice without adenomas present in colon 

sections are plotted as 0 on the X-axis. n =10 mice per group. **P < 0.01 vs Phbfl/fl/
ApcMin/+ by unpaired, two-tailed Student’s t test.
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Figure 4. β-catenin activation is increased in PhbiΔIEC mice.
(A) Mean ± SEM of relative mRNA expression in isolated IECs or isolated adenomas. (B) 

Representative western blots of isolated colonic IECs or adenomas. (C) Mean ± SEM of β-

catenin or Axin1 normalized to β-actin densitometric units. n = 3 (WT) or 6 mice (all other 

groups). *P < 0.05 vs Phbfl/fl/ApcMin/+ IECs, #P < 0.05 vs Phbfl/fl/ApcMin/+ adenomas, †P < 

0.05 vs PhbiΔIEC/ApcMin/+ jejunum adenomas by one-way ANOVA followed by 

Bonferroni’s test.
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Figure 5. IEC-specific Phb1 overexpression ameliorates intestinal tumorigenesis in ApcMin/+ 

mice.
(A) Average total adenoma counts per mouse. (B) Average total adenoma size per mouse. 

(C) Anatomical percent distribution of adenomas. (D) Size percent distribution of adenomas. 

n =10 mice per group. *P < 0.05, **P < 0.01, ***P < 0.005, ***P < 0.001 by unpaired, two-

tailed Student’s t test.
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Figure 6. Phb1Tg/ApcMin/+ mice exhibit decreased proliferation in adenomas compared to 
ApcMin/+ mice.
(A) Representative western blots of PCNA in isolated IECs or adenomas. (B) Mean ± SEM 

of PCNA normalized to β-actin densitometric units. (C) Ki67 immunohistochemistry 

staining. Scale bars: 100 μm, boxed pullouts: 50 μm. (D) Ki67+ cells/crypt and percentage of 

the area of Ki67 immunostaining in adenomas per mouse ± SEM. n = 4 mice per group (A, 

B) or n =10 mice per group (C, D). *P < 0.05 vs ApcMin/+ IECs, #P < 0.05, ##P < 0.01 vs 

ApcMin/+ adenomas by one-way ANOVA followed by Bonferroni’s test.
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Figure 7. β-catenin activation in adenomas is inhibited in Phb1Tg/ApcMin/+ mice.
(A) Mean ± SEM of relative mRNA expression in isolated IECs or isolated adenomas. n = 6 

mice per group. *P < 0.05, **P < 0.01 vs ApcMin/+ IECs, #P < 0.05 vs ApcMin/+ adenomas 

by one-way ANOVA followed by Bonferroni’s test. (B) Representative western blots of 

isolated IECs or adenomas. (C) β-catenin immunohistochemistry staining of colonic 

adenomas. Scale bars: 125 μm, boxed pullouts: 50 μm.
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Figure 8. Relative expression of PHB1 regulates β-catenin activation and cell viability in RKO 
and SW48 CRC cell lines.
(A-C) RKO or SW48 cells were transfected with pCDNA4 (vector; V), full-length 

pCDNA4-PHB1 (FL), or pCDNA4-PHB1ΔNES (ΔNES) for 72 hr. (A) Immunofluorescent 

staining of RKO cells. Scale bars: 20 μm; boxed pullouts: 20 μm. (B) Mean ± SEM of 

relative AXIN1 mRNA expression. (C) Cell viability as measured by LDH release. (D-G) 

RKO or SW48 cells were transfected with 2 unique siRNAs against PHB1 or siNegative 

Control (siNC) for 48 hr. (D) Mean ± SEM of relative AXIN1 mRNA expression. (E) 

Representative western blot of β-catenin, AXIN1, or PHB1 (to demonstrate efficiency of 

siRNA knockdown). (F) Mean ± SEM of densitometric units by western blotting. (G) 

Relative luciferase expression of transcriptional activation by β-Catenin after 10 μM 
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XAV939 or vehicle treatment for 16 hr. Negative control (NC) cells were transfected with a 

non-inducible firefly reporter construct. n = 3 (A, D-G) or n = 6 (B, C) biological replicates 

per group. *P < 0.05, **P < 0.01 vs V by unpaired, two-tailed Student’s t test (B, C); *P < 

0.05 vs siNC vehicle, #P < 0.05, ##P < 0.01 vs siPhb1 vehicle by one-way ANOVA (D, F) or 

two-way ANOVA followed by Bonferroni’s test (G).
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