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Heat shock protein 47 promotes tumor survival and therapy 
resistance by modulating AKT signaling via PHLPP1 in 
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ABSTRACT	 Objective: Heat shock protein 47 (HSP47) is a collagen-specific molecular chaperone that facilitates collagen maturation. Its role in 

cancer remains largely unknown. In this study, we investigated the roles of HSP47 in colorectal cancer (CRC) and therapy resistance.

Methods: Expression of HSP47 in CRC tissues was examined (1) in paired human CRC/adjacent normal tissues, using real 

time quantitative reverse transcription polymerase chain reaction (qRT-PCR), The Cancer Genome Atlas (TCGA) database, and 

22 independent microarray databases (curated CRC). In vitro studies on several CRC cell lines (HCT116, RKO and CCL228) 

with modulated HSP47 expression were conducted to assess cell viability and apoptosis (TUNEL assay and caspase-3/-7) during 

exposure to chemotherapy. AKT signaling and co-immunoprecipitation studies were performed to examine HSP47 and PHLPP1 

interaction. In vivo studies using tumor xenografts were conducted to assess the effects of HSP47 modulation on tumor growth 

and therapy response.

Results: HSP47 was upregulated in CRC and was associated with poor prognosis in individuals with CRC. In vitro, HSP47 

overexpression supported the survival of CRC cells, whereas its knockdown sensitized cells to 5-fluorouracil (5-FU). HSP47 

promoted survival by inhibiting apoptosis, enhancing AKT phosphorylation, and decreasing expression of the AKT-specific 

phosphatase PHLPP1 when cells were exposed to chemotherapy. These effects were partly results of the interaction between HSP47 

and PHLPP1, which decreased PHLPP1 stability and led to more persistent AKT activity. In vivo, HSP47 supported tumor growth 

despite 5-FU treatment.

Conclusions: HSP47 supports the growth of CRC tumors and suppresses the efficacy of chemotherapy via modulation of AKT 

signaling.
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Introduction

Colorectal cancer (CRC) is among the three most commonly 

diagnosed cancers worldwide. The 5-year survival rate of 

patients with CRC diagnosed with distant metastasis is only 

14% in the United States1. Approximately 25% of individuals 

present with distant tumors at the initial diagnosis, and almost 

half of all patients develop metastases within 5 years2, thus 

indicating an urgent need for the development of effective 

therapy for metastatic CRC (mCRC). The primary cause of 

treatment failure in patients with mCRC is the emergence 

of resistance toward chemotherapy. Therefore, understanding 

the mechanisms underlying drug resistance in CRC is essential 

for developing successful cancer therapies.

In a variety of cancers, including CRC, deregulation of 

AKT signaling has been linked to tumorigenesis, tumor 

progression, and drug resistance3-5. AKT kinase is activated 

through a dual phosphorylation mechanism. The kinase 

3-phosphoinositide-dependent protein kinase 1 (PDK1), 

which is transported to the membrane on the basis of its 

Pleckstrin homology (PH) domain, phosphorylates AKT 

at Thr308 in the activation loop, thereby leading to par-

tial AKT/PKB activation6. Phosphorylation of AKT at 

Ser473 in the carboxy-terminal hydrophobic motif by the 

mammalian target of rapamycin complex 2 (mTORC2)7 
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induces full AKT activity. AKT can be negatively regulated 

by the dephosphorylation of Thr308 by protein phos-

phatase 2 (PP2A)8, the dephosphorylation of Ser473 by the 

PH-domain leucine-rich-repeat-containing protein phos-

phatase (PHLPP1/2)9,10, and the conversion of PIP3 to PIP2 

by PTEN11. In CRC, the amplification of receptor tyrosine 

kinase12 as well as the frequent mutations in upstream regu-

lators of AKT such as KRAS (mutated in 30%–40% of CRC 

cases) and PIK3CA (mutated in 10%–15% of CRC cases) 

lead to the constitutive activation of AKT signaling13,14. 

Drugs targeting AKT have been shown to induce apoptosis 

and suppress tumor growth15, whereas the downregulation 

of AKT phosphatase PHLPP1 is associated with chemore-

sistance in CRC16, thus indicating that AKT is an important 

therapeutic target in CRC treatment.

Heat shock protein 47 (HSP47), encoded by the SERPINH1 

gene, is a 47-kDa collagen-binding HSP, which belongs to the 

serine protease inhibitor (serpin) superfamily. HSP47 is the 

only known substrate-specific endoplasmic reticulum (ER) 

chaperone, which transiently binds newly synthesized pro-

collagens in the ER and facilitates their maturation and secre-

tion17. The role of HSP47 in cancer is largely unexplored, and 

its functions appear to be inconsistent. For example, HSP47 has 

been reported to be upregulated in several cancers18-20, and ele-

vated HSP47 expression has been associated with poor progno-

sis21. Suppression of HSP47 expression with short interfering 

RNAs has been shown to significantly inhibit cell proliferation, 

migration, and invasion in cervical cancer22. In breast cancer, 

the expression of HSP47 is activated during cancer develop-

ment and progression, and its silencing results in the inhibition 

of tumor growth in vivo23. In contrast, in neuroblastoma, there 

are relatively lower levels of HSP47 expression, partly because 

of aberrant methylation of promoter CpG islands24. Therefore, 

the molecular mechanism through which HSP47 exerts its 

function remains unclear and appears to be tissue dependent.

In this study, we demonstrate that HSP47 is up-regulated in 

CRC, and its expression promotes chemoresistance. We further 

demonstrate that HSP47 enhances AKT signaling by decreasing 

the protein stability of PHLPP1, thus suggesting that HSP47 

may be a novel therapeutic target for CRC treatment.

Materials and methods

Patient cohorts and data analysis

Gene expression (RNA-Seq) data and corresponding clinical 

data from CRC samples were retrieved from two sources: The 

Cancer Genome Atlas (TCGA) database (http://genome-cancer.

ucsc.edu/) and curated CRC Data (http://bioconductor.org/

packages/curatedCRCData). Samples included in the study had 

pathology-confirmed adenocarcinoma of the colon or rectum, 

were chemotherapy naive, and had available survival informa-

tion. The survival data were right-censored at 5 years to min-

imize non-tumor-related causes of death. September 10, 2018 

was the date used to calculate overall survival in the TCGA data-

base and curated CRC Data. In addition, CRC tissue samples 

(and adjacent normal colon tissues) used for real time quantita-

tive reverse transcription polymerase chain reaction (qRT-PCR) 

analysis (Figure 1A) were collected with the approval of 

the Human Ethics Committee (protocol H14-02808) at the 

University of British Columbia.

For Kaplan–Meier survival curve analysis, we selected the 

cutoff scores according to receiver operating characteristic 

(ROC) curve analysis25. The highest score with maximum 

sensitivity and specificity on the curve was selected as the 

cutoff point. The data were dichotomized into groups with 

high and low HSP47 expression, and Kaplan–Meier survival 

analysis was then conducted26. For ROC curve analysis, the 

clinical outcome and the normalized mRNA expression level 

index (the number of gene transcripts normalized to the 

total transcript number from the patient) were dichotomized 

(dead or alive) in the follow-up data for clinical outcome, high 

expression and low expression in the index. A log-rank test 

was used to compare the differences between two groups. ROC 

curves and Kaplan–Meier survival curves were analyzed with 

the Survminer package version 0.4.2 in the R version 3.4.1 

environment.

The protein expression of HSP47 was examined on the basis 

of data from The Human Protein Atlas. The data can be down-

loaded through the following link: https://www.proteinatlas.

org/about/download.

Cell lines and plasmids

The human CRC cell lines RKO, HCT116, and CCL228 

were purchased from the American Type Culture Collection 

(Manassas, VA, USA) and maintained in Dulbecco’s modi-

fied Eagle’s medium (Invitrogen, CA, USA) supplemented 

with 10% newborn calf serum (NCS) at 37 °C in a humid-

ified atmosphere with 5% CO2. Resistant cells RKO/5FU, 

RKO/CPT, HCT116/5FU, and HCT116/CPT were main-

tained with 100 µM 5-FU, 70 µM CPT-11, 1.25 µM 5-FU, and 

1.25 µM CPT-11, respectively. For the establishment of RKO/

si-ctrl and RKO/si-HSP47 stable cell lines, RKO cells were 
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transfected with pBAsi-NC (control) or pBAsi-HSP47 plas-

mids (a gift kindly provided by Dr. Takehiro Kobayashi27) with 

Lipofectamine 2000 (Invitrogen), and this was followed by 

puromycin (1.5 µg/mL) selection (Thermo Fisher Scientific, 

Waltham, MA, USA). The non-targeting scrambled control 

shRNA and pGFP-C-sh-HSP47-A plasmids were purchased 

from OriGene (Rockville, MD, USA) and were used for tran-

sient knockdown experiments. For the construction of a len-

tiviral vector for expression of HSP47, the full-length human 

HSP47 gene was prepared by PCR amplification of pZeoSV2 

(-)-HSP47 plasmid (a gift kindly provided by Dr. Takehiro 

Kobayashi27) and cloned into the BamHI/SalI sites of pLenti-

CMV-GFP-Hygro (Addgene, Cambridge, MA, USA) with the 

GFP gene removed by restriction enzyme digestion, thus yield-

ing pLenti-CMV-HSP47-Hygro. To establish HCT116/GFP 

and HCT116/HSP47 stable cell lines, we selected HCT116 cells 

with hygromycin B (100 µg/mL) (Thermo Fisher Scientific) 

after viral infection (details below).

Lentiviral infection

For viral packaging, pGFP-C-shLenti, pGFP-C-shHSP47-A, 

pLenti-CMV-GFP-Hygro, or pLenti-CMV-HSP47-Hygro 

was co-transfected at 1:1 mass ratio with a packaging plas-

mid mix (pCMV-delta R8.74, pRSV-Rev, pCMV-VSV-G, 

mass ratio 4:1:1) into 80% confluent 293T cells (seeded the 

day before) with TransIT-Lenti transfection reagent (Mirus, 

Madison, WI, USA). The virus-containing medium was col-

lected, centrifuged to remove dead cells, and filtered with 

0.45 µm filters. The lentiviral supernatants were then con-

centrated with PEG-it virus precipitation solution (System 

Biosciences, Palo Alto, CA, USA) and stored at −80 °C in 
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Figure 1  High HSP47 expression in patients with colorectal cancer (CRC) is associated with poor clinical outcomes. (A) Real-time quantitative 
reverse transcription polymerase chain reaction (qRT-PCR) analysis of HSP47 mRNA expression in paired tumor and adjacent normal tissues 
collected by laser microdissection from patients with CRC (n = 9 pairs) (P < 0.01). (B) HSP47 mRNA expression in 644 patients with CRC com-
pared with 51 control tissues in a TCGA cohort. (C) HSP47 mRNA expression in 3,296 patients with CRC compared with 76 control tissues from 
22 microarray databases (curated CRC Data). Kaplan–Meier survival analysis of the CRC patients in the (D) TCGA and (E) curated CRC Data 
cohorts. The patients were divided into high- and low-expression groups on the basis of the cutoff value derived from the receiver operating 
characteristic (ROC) analysis. **P < 0.01; ***P < 0.001.
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aliquots. For viral infection, the concentrated virus was 

overlaid onto the indicated cell lines in the presence of poly-

brene (8 µg/mL) for 48 h, and cell viability assays were then 

conducted.

qRT-PCR

Cells were seeded in 60 mm dishes and harvested at 80% con-

fluency. Total RNA was extracted with TRIzol (Invitrogen, 

Carlsbad, CA, USA) according to the manufacturer’s instruc-

tions. Oligo(dT)-primed first-strand cDNA was synthesized 

from 1 μg RNA with RevertAid H Minus Reverse Transcriptase 

(Thermo Fisher Scientific) according to the manufactur-

er’s instructions. The following primers were used for qRT-

PCR: RPL19: 5′-TGAAATCGCCAATGCCAACTC-3′ (sense) 

and 5′-GGCTGTACCCTTCCGCTTACC-3′ (antisense); 

HSP47: 5′-CTGCAGTCCATCAACGAGTG-3′ (sense) and 

5′-CAGCTTTTCCTTCTCGTCGT-3′ (antisense). The transcript 

levels of RPL19 were used for normalization. qRT-PCR was per-

formed with EvaGreen qPCR Mastermix (Applied Biological 

Materials, Richmond, BC, Canada) in an ABI Prism 7900HT 

Sequence Detection System (Applied Biosystems, Foster City, 

CA, USA). For HSP47 expression analysis of clinical samples 

(Figure 1A), RNA was extracted with an RNeasy FFPE kit (Qiagen, 

Hilden, Germany) from paraffin-embedded CRC and normal 

colon tissues. Colonic epithelial cells were identified and captured 

by laser capture microdissection (µCut Laser Microdissection; 

Molecular Machine & Industries, Eching, Germany). Five hun-

dred nanograms of RNA from each sample was used for qRT-

PCR analysis with the protocol described above.

Cell viability assays

Cells were seeded at a density of 2,000–3,000 cells per well in 

96-well plates. After 24 h, cells were treated with 5-FU at the 

indicated concentrations for 48 h, and MTS (3-(4,5-dimeth-

ylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-

fophenyl)-2H-tetrazolium, inner salt) assays (Promega, 

Madison, WI, USA) were then performed according to the 

manufacturer’s instructions.

TUNEL assays

Cells were seeded in 4-well chamber slides (Sigma-Aldrich, 

St. Louis, MO, USA) and treated with 5-FU 24 h post-seeding. 

Apoptotic cells were detected with a DeadEnd Fluorometric 

TUNEL System (Promega, WI, USA) according to the manu-

facturer’s instructions.

Immunoblotting

Immunoblotting was carried out as previously described28. 

Primary antibodies used in this study are listed below. The anti-

HSP47 antibody was obtained from Abcam Biotechnology 

Company (Cambridge, UK) (ab109117). The anti-PHLPP1 

antibody was from Santa Cruz Biotechnology (MO, USA) (sc-

390129). The following antibodies were from Cell Signaling 

(Danvers, MA, USA): rabbit antibodies against AKT (detect 

total AKT, Cat. 4685), phospho-AKT (S473) (against the phos-

phorylated residue in all three AKT isoforms, Cat. 9271), and 

mTOR (Cat. 2972), and phospho-mTOR (S2481) (Cat. 2974). 

All antibodies were used at a 1:1000 dilution except for the 

antibody against PHLPP1 (1:200).

Immunoprecipitation

Cells were harvested in a cold room and fixed with 0.8% par-

aformaldehyde/phosphate-buffered saline (PBS) at room 

temperature (RT) for 20 min and 130 mM glycine at RT for 

5  min before being lysed in immunoprecipitation (IP) lysis 

buffer (50 mM HEPES-KOH, pH 7.5, 140 mM NaCl, 5 mM 

NaF, 2 mM CaCl2, 10% glycerol, 0.5% NP-40 and 0.25% Triton 

X-100) supplemented with proteinase inhibitor (Sigma-

Aldrich). Cell lysates were pre-cleared with normal mouse IgG 

(Sigma) and protein-L beads overnight at 4 °C before incu-

bation with primary antibodies. One hundred micrograms 

of cell lysates was incubated with 3 µg anti-HSP47 antibody 

(sc-13150, Santa Cruz Technology) or anti-PHLPP1 antibody 

(sc-390129, Santa Cruz Technology) overnight at 4 °C, and 

then incubated with 60 µL protein-L beads (sc-2336, Santa 

Cruz Technology) overnight at 4 °C. Beads were pulled down 

and washed in IP lysis buffer according to the manufacturer’s 

instructions. Proteins were eluted in SDS sample buffer and 

subjected to Western blot analysis.

Animal studies

Tumor xenografts of CRC cells (3 × 106 HCT116/GFP and 

HCT116/HSP47 cells) were resuspended in 100 µL 1:1 PBS/

Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) and 

injected subcutaneously into the right flanks of 8-week-old 

female nude athymic mice (Simonsen Laboratories, Gilroy, 
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CA, USA) with a 26½ gauge needle. Eight days after implan-

tation, for all measurable tumors > 28.9 mm3, treatment was 

initiated with either PBS or 25 mg/kg 5-FU by intraperi-

toneal injection. After a 6 day treatment-free period, mice 

were treated with 5 mg/kg 5-FU every other day until the 

termination of the study. Tumor size was monitored by meas-

urement of the length and width with calipers, and volumes 

were calculated with the formula (L × W2) × 0.5, where L is the 

length, and W is the width of each tumor. Tumors harvested 

from the mice were washed twice with sterile PBS and either 

snap-frozen in liquid nitrogen or fixed with formaldehyde and 

paraffin embedded (FFPE) for immunofluorescence analysis. 

Proteins were extracted from the frozen tumor tissues with 

a TissueLyser (Qiagen, Hilden, Germany). All studies were 

approved by the Animal Care Committee at the University of 

British Columbia, Canada (protocol A16-0092).

Immunofluorescence analysis

Cells were fixed with 4% paraformaldehyde at RT for 

15 min, then incubated with blocking buffer (PBS with 5% 

NCS and 0.2% Triton X-100) for 1 h at RT and with primary 

antibodies at 4 °C overnight. The proteins were detected 

with Alexa 647 goat anti-mouse IgG or Alexa 555-goat 

anti-rabbit IgG (Invitrogen) for 1 h at RT, and this was fol-

lowed by nuclear staining with Hoechst 33258. Images were 

captured on a Leica TCS SP5 II confocal microscope (Leica 

Microsystems, Wetzlar, Germany) with 100× oil objective 

lenses and a numeric aperture of 1.40 N. Images of the cells 

were acquired from a 0.13 μm optical section, and no labe-

ling was observed when the secondary antibody was used 

alone. For the tumor tissue staining, 5 µm slices of the FFPE 

tissue sections were deparaffinized in xylene and rehydrated 

through graded ethanol. The sections were incubated with 

citrate buffer (pH 6.0) in a 95 °C water bath for 20 min for 

antigen retrieval and then subjected to immunofluorescence 

staining as described above.

Results

Elevated HSP47 expression in the tumors of 
patients with CRC

Given the variable expression of HSP47 in different cancers, 

we began by examining the expression of HSP47 in tumor tis-

sues from individuals with CRC. To avoid contamination from 

areas adjacent to the tumors, we performed laser microdissec-

tion to ensure the purity of tumor cells and their paired adja-

cent normal cells (n = 9 pairs) before HSP47 mRNA expression 

analysis with qRT-PCR. HSP47 was significantly more highly 

expressed in the CRC tumors than adjacent normal tissues (P 

< 0.01) (Figure 1A).

We also analyzed HSP47 expression in the TCGA data-

base and found that it was markedly upregulated in CRC 

tumors (P < 0.001) (Figure 1B). A similar result was also 

obtained from analysis of data compiled from 22 independ-

ent microarray databases (curated CRC Data, version 2.12.0) 

(P < 0.001) (Figure 1C)29. In agreement with the results of 

this analysis, the protein expression profiles found in The 

Human Protein Atlas also revealed that HSP47 was upreg-

ulated in most CRC tissues (high/medium staining in 8/12 

CRC tissues)30.

We wondered whether the level of HSP47 expression in 

CRC might be associated with specific clinical parameters, 

including survival. Individuals with CRC in either the TCGA 

or the curated CRC data cohort were grouped into low-

HSP47 expression or high-HSP47 expression subgroups 

according to the optimal cutoff value determined by the 

ROC curve based on HSP47 expression levels. No association 

was observed between HSP47 expression and age, sex, race, 

tumor stage, or tumor site in both cohorts (Supplementary 

Table S1 and S2). However, the log-rank test demonstrated 

that the 5-year overall survival (OS) for patients with low 

HSP47 expression in tumor tissues was significantly higher 

than that in the high-HSP47 group in both the TCGA [hazard 

ratio (HR) = 0.50 (95% confidence interval, CI 0.33–0.76), 

P = 0.002] (Figure 1D) and curated CRC Data cohorts [HR = 

2.91 (95% CI 1.92–4.41), P < 0.001] (Figure 1E). Specifically, 

individuals with CRC expressing low levels of HSP47 sur-

vived 4 months and 23 days longer than those with high 

HSP47 expression. These results indicate that the expression 

of HSP47, when upregulated in CRC, may adversely influ-

ence tumor response to drug treatment.

HSP47 expression promotes the resistance of 
CRC cells to chemotherapy

To investigate whether HSP47 might influence the response 

of CRC cells to chemotherapy, we began by examining the 

viability of CRC cells after the modulation of HSP47 expres-

sion level and drug exposure. We selected 3 p53-wild type 

CRC cell lines (HCT116, CCL228, and RKO) on the basis 
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of their HSP47 expression levels determined by Western 

blot analysis (Figure 2A). After transient transduction 

with HSP47-overexpression or knockdown lentiviral vec-

tors (Supplementary Figure S1), we exposed the 3 CRC 

cell lines to various concentrations of 5-FU and performed 

MTS assays. Higher HSP47 expression decreased the sensi-

tivity of CRC cells despite the increasing concentrations of 

5-FU. For example, we observed a 10.8 ± 2.1% increase in 

cell viability after 5-FU (4 µM) exposure in HCT116 cells 

overexpressing HSP47 (Figure 2B) and a 10.1 ± 3.0% and 

13.3 ± 3.6% increase in cell viability after 5-FU (24 µM) 

treatment in HSP47-overexpressing RKO and CCL228 cells, 

respectively (Figure 2C, 2D). In contrast, decreased HSP47 

expression increased the sensitivity of CCL228 cells to 5-FU 

treatment. We observed a 7.8 ± 1.7% decrease in cell viabil-

ity after 5-FU (16 µM) treatment in the HSP47-knockdown 

CCL228 cells (Figure 2E). We also established cell lines 

with stable HSP47 overexpression (HCT116/HSP47_st) 

and knockdown (RKO/si-HSP47_st) and performed down-

stream analysis. MTS assays on the these stable cell lines 

demonstrated results consistent with those obtained with 

transiently expressed cell lines: an increase in expression 

of HSP47 decreased the sensitivity of CRC cells exposed to 

5-FU, whereas HSP47 knockdown had the opposite effect. 

In the HCT116/HSP47_st and RKO/si-HSP47_st cell lines, 

14.4 ± 3.0% higher and 18.8 ± 5.8% lower cell viability were 

observed after 24 µM and 8 µM5-FU treatment, respectively, 

in comparison to the levels in the respective control cell 

lines (Figure 2F, 2G). Furthermore, in RKO and HCT116 

cell lines with established resistance to 5-FU and CPT-11 

(Figure 2H, 2I)31 the basal levels of HSP47 mRNA and pro-

tein expression determined by qRT-PCR and Western blot 

analysis, respectively, were significantly higher than those in 

the sensitive parental cell line.
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Figure 2  HSP47 expression promotes drug resistance in colorectal cancer (CRC) cells exposed to chemotherapy. (A) Representative image 
of Western blot analysis of HSP47 protein expression in various human CRC cell lines. (B) HCT116, (C) RKO, and (D) CCL228 CRC cell lines 
were transiently transduced with HSP47-expression vector and then exposed to 5-FU. MTS cell viability assays of (E) CCL228 cells exposed to 
various concentrations of 5-FU after HSP47 transient knockdown. MTS assays of (F) HSP47-overexpressing (HCT116/HSP47_st) and (G) HSP47-
knockdown (RKO/si-HSP47_st) stable cell lines exposed to 5-FU. HSP47 mRNA and protein expression in (H) RKO and (I) HCT116 resistant 
cell lines were determined by real-time quantitative reverse transcription polymerase chain reaction (qRT-PCR) and Western blot analysis, 
respectively. Data represent mean ± SEM, n = 3. *P < 0.05; **P < 0.01; ***P < 0.001
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Together, these data suggest that HSP47 may influence the 

response of CRC cells to chemotherapy.

HSP47 inhibits apoptosis in CRC cells exposed 
to chemotherapy

Because apoptosis partly influences the clinical response to 

drug treatment, we further explored the effects of HSP47 on the 

apoptotic pathway by conducting dUTP-digoxigenin nick end 

labeling (TUNEL) assays on HSP47-overexpressing HCT116/

HSP47_st cells and vector control (HCT116/GFP_st) cells. The 

percentage of TUNEL-positive cells was significantly lower 

in HSP47-overexpressing cells (vehicle: 1.0% ± 1.5%; 5-FU: 

5.3% ± 3.9%) than in the control cell line (vehicle: 5.3% ±  

5.0%; 5-FU: 52.4% ± 9.9%) when the cells were exposed to 

5-FU. This result indicated that fewer cells were undergoing 

apoptosis when cells overexpressed HSP47 (Figure 3A, 3B). In 

line with this observation, there was a similar decrease in the 

expression of cleaved caspase-3 and -7 in HCT116/HSP47_st 

cells exposed to 5-FU (Figure 3C). Consistent results were also 

observed in the HSP47 stable-knockdown RKO cells (RKO/

si-HSP47_st): cleaved caspase-3 and -7 were detected at earlier 

time points after exposure to 5-FU (Figure 3D). These results 

suggest that the expression of HSP47 may inhibit the apop-

totic pathway, thereby contributing to drug resistance in CRC 

cells in response to chemotherapy.

HSP47 promotes the phosphorylation of AKT 
at Ser473 in CRC cells

Dysregulation of the AKT/PKB pathway has been demon-

strated to substantially contribute to therapy-refractory dis-

ease in a variety of cancers, including CRC32-35. In addition 

to investigating the anti-apoptotic effects exerted by HSP47, 

we were interested in examining the effect of HSP47 on AKT 

signaling. Western blot analysis following the treatment 

A B

C D

HCT116/GFP_st

HCT116/GFP_st

HCT116/HSP47_st

HCT116/HSP47_st

Vehicle 5-FU Vehicle 5-FU

***

*** **
Nucleus

60

40

20

0

Vh

5-FU 5-FU

5-FU

TUNEL

TU
N

EL
 p

os
iti

ve
 (%

)

Merge HCT116/
GFP_st

HCT116/
HSP47_st

RKO/si-ctrl_st RKO/si-HSP47_st

Clv-caspase-7
18 kDa

Clv-caspase-3
17 kDa

Actin
40 kDa

(h)
Clv-caspase-7

18 kDa

Clv-caspase-3
17 kDa

Actin
40 kDa

(h)0 6 12 24 36 48

1.0 1.0 1.0 1.0 3.1 4.9

1.0 0.9 0.9 1.0 1.4 2.3 1.1 1.0 0.9 0.9 0.9 0.9

1.1 0.9 0.9 0.9 1.4 1.6

0 6 12 24 36 48 0 6 12 24 36 48

1.0 0.9 1.1 0.9 1.0 3.1

1.0 1.0 1.1 1.0 1.0 1.7 0.8 0.9 1.0 1.1 1.9 1.4

0.8 0.8 0.9 1.1 1.6 3.0

0 6 12 24 36 48

Figure 3  HSP47 inhibits apoptosis in colorectal cancer (CRC) cells exposed to chemotherapy. (A) HCT116/HSP47_st cells were visualized by 
fluorescence microscopy (200×) 48 h after 50 µM 5-FU treatment. TUNEL-positive nuclei are shown in green, and total nuclei stained with 
Hoechst 33258 are shown in blue. (B) Quantitative analysis (percentage of TUNEL positive cells vs. total) was performed for randomly selected 
fields (n = 10). Representative Western blot images of caspase-3 and -7 cleavage of (C) HCT116/HSP47_st, (D) RKO/si-HSP47_st, and their 
corresponding control cell lines after treatment with 50 µM 5-FU. Data represent mean ± SEM. **P < 0.01; ***P < 0.001.



350� Chern et al. HSP47 promotes AKT signaling via PHLPP1 in CRC

of HCT116/HSP47_st (Figure 4A) and RKO/si-HSP47_st 

(Figure 4B) with 5-FU demonstrated increased phosphoryla-

tion of AKT at Ser473 in cells with higher HSP47 expression 

(Figure 4C, 4D). However, when we examined the activation 

of the AKT kinase mTORC27, we found that changes 

in expression of p-mTOR-S2481 (an mTORC2 activation 

marker36) did not reflect the phosphorylation level of AKT 

at Ser473. Instead, we observed an elevated expression of the 

AKT-Ser473 phosphatase PHLPP19 that persisted for a longer 

period of time in the cell lines with decreased HSP47 expres-

sion (Figure 4E, 4F). These findings suggest that the changes 

in the phosphorylation levels of AKT-Ser473 in cells with vari-

able expression of HSP47 are likely to involve PHLPP1.

HSP47 interacts with PHLPP1 and decreases 
its protein stability

To understand how HSP47 influences PHLPP1 expression in 

CRC, we also examined the mRNA level of PHLPP1 in the cells 

with qRT-PCR analysis. We observed fluctuations in PHLPP1 

mRNA levels in both cell lines during the treatment period; 

however, the changes in the PHLPP1 mRNA level did not 

reflect its protein expression patterns during this period, thus 

suggesting that HSP47 may modulate PHLPP1 expression in a 

posttranscriptional manner (Figure 5A, 5B). To examine this 

hypothesis, we conducted cycloheximide (CHX) chase assays to 

determine whether HSP47 might affect the protein stability of 

PHLPP1. RKO/si-HSP47_st cells were exposed to CHX to sup-

press further protein synthesis including that of PHLPP1, and 

PHLPP1 protein was assayed by immunoblotting. As shown in 

Figure 5C, 66.0% ± 8.5% of the PHLPP1 remained in the RKO/

si-HSP47_st cells, whereas only 26.7% ± 13.3% of the PHLPP1 

was observed in RKO/si-ctrl_st cells after 4 h of CHX exposure, 

according to the results of densitometry analysis.

Given that HSP47 may influence the stability of PHLPP1, 

we next examined whether these 2 proteins might inter-

act. Interestingly, immunofluorescence analysis showed 

that HSP47 and PHLPP1 colocalized in the RKO parental 
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cell line (Figure 5D). The interaction between the endoge-

nous HSP47 and PHLPP1 proteins was then validated with 

co-immunoprecipitation assays (Figure 5E). These results 

demonstrate that HSP47 interacts with PHLPP1, thereby 

decreasing its protein stability and allowing AKT to remain 

phosphorylated at Ser473. Consequently, the activation 

of AKT signaling is prolonged, and cell survival and drug 

resistance are promoted.

HSP47 promotes tumor survival via AKT 
activation in vivo

To investigate whether HSP47 might influence tumor sur-

vival and therapy resistance in vivo, we subcutaneously 

injected stably HSP47-overexpressing HCT116/HSP47_st 

and control cells into nude mice. The mice were initially 

treated with 5-FU at 25 mg/kg, and then treated 6 days later 

with 5-FU at 5 mg/kg every second day. At 16 days after 

implantation (8 days after initiation of treatment), the aver-

age tumor volume of HCT116/HSP47-bearing mice treated 

with 5-FU was significantly larger than that in mice injected 

with the control cell lines exposed to 5-FU (control: 741.9 

± 36.4; HSP47: 1858.3 ± 99.0 (mm3), n = 4 per group, 

P < 0.001) (Figure 6A). Importantly, Western blot analysis 

of the proteins extracted from the tumor tissues showed 

higher p-AKT (Ser473) expression in HSP47-overexpressing 

tumors, whereas the PHLPP1 expression was lower in the 

same tumors (Figure 6B). In addition, immunofluorescence 

analysis of FFPE xenograft tissues also demonstrated colo-

calization between HSP47 and PHLPP1 (Figure 6C). These 

results support our in vitro findings that HSP47 promotes 

the survival of CRC tumors and drug resistance after expo-

sure to chemotherapy in vivo, by enhancing AKT signaling, 

probably via PHLPP1.
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Discussion

In this study, we demonstrated that HSP47 promotes cellular 

survival and decreases drug sensitivity in CRC cells by enhanc-

ing the activation of AKT signaling. The expression of HSP47 

was significantly elevated in human CRC tissues, and indi-

viduals with higher HSP47 expression tended to have poorer 

overall survival. These findings may be a result of HSP47’s 

ability to suppresses apoptosis in CRC cells despite exposure 

to 5-FU. In addition, in HSP47-overexpressing CRC cells, we 

observed greater and more prolonged activation of AKT when 

cells were exposed to chemotherapy. In contrast, AKT activ-

ity was subdued in knockdown cells with decreased HSP47 

expression. Interestingly, the mechanism underlying this 

persistent activation of AKT in CRC cells with elevated HSP47 

expression might be based on this protein’s ability to interact 

with and destabilize PHLPP1, a phosphatase that dephospho-

rylates AKT at Ser473. In the presence of decreased PHLPP1 

levels and consequently diminished phosphatase activity, AKT 

retains its phosphorylated state at Ser473, thus promoting cel-

lular survival even in the presence of environmental stressors 

(such as chemotherapy) (Figure 7).

Failure of chemotherapy treatment primarily results from 

the emergence of drug resistance. Most traditional chemo-

therapeutic drugs take advantage of one of the main charac-

teristics of cancer cells, their rapid growth rate, by targeting 

the cell-cycle machinery and inducing DNA damage to inhibit 

tumor growth. For example, 5-FU is a key agent in first-line 

chemotherapeutic regimens for CRC therapy. The active 

metabolites of 5-FU perturb RNA synthesis and inhibit thy-

midylate synthase, a nucleotide synthetic enzyme, which can 

be directly misincorporated into DNA, thus causing DNA 
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damage and cell death. The activation of PI3K/AKT/mTOR 

(PAM) signaling, which inhibits the activation of apoptosis, 

has been implicated in the resistance to several chemothera-

peutic agents, including 5-FU, doxorubicin, and paclitaxel37,38. 

In this study, we demonstrated that HSP47 enhances the resist-

ance of cancer cells toward 5-FU by inhibiting apoptosis acti-

vation via PAM signaling.

Several ongoing studies are exploring the anti-tumor effects 

of PAM signaling inhibitors in combination with current 

regimens37,39,40. However, the complicated network of inter-

actions with parallel cascades in PAM signaling allows cancer 

cells to continue to evade PAM inhibition through negative 

feedback mechanisms and compensatory signaling pathways. 

For example, both lung and breast cancer cell lines and patient 

tumors eventually evade mTOR inhibition after exposure to 

the rapamycin derivative RAD001 by increasing AKT phos-

phorylation through the upregulation of IGF-1 signaling41,42. 

Moreover, increased pAKT (Ser473) has also been found in the 

tumors of patients with CRC and breast cancer after treatment 

with the mTOR inhibitor everolimus43. These studies suggest 

that instead of targeting mTOR kinase downstream of PAM 

signaling, direct inhibition of AKT kinase may be advanta-

geous by avoiding a feedback loop that mediates overaction of 

AKT. However, attempts to develop AKT-specific and isozyme 

selective inhibitors have also proven difficult, given the high 

degree of homology in the ATP binding pocket region among 

AKT, protein kinase A (PKA), and protein kinase C (PKC)44. 

However, in this study, we demonstrate a potential mechanism 
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for targeted AKT inhibition. We show that HSP47 augments 

AKT signaling in CRC cells in vitro and in vivo, particularly 

in the presence of chemotherapy. This effect can be reversed 

by decreasing HSP47 expression through shRNA knockdown, 

thus inhibiting AKT as well as a further decline in cell viabil-

ity in response to chemotherapy. These encouraging findings 

indicate that HSP47 is a potential novel target for CRC that 

might be used to inhibit AKT signaling. Moreover, because 

targeting HSP47 suppresses AKT activity, potentially by pro-

viding sustained PHLPP1 phosphatase activity, this strategy 

may also help to minimize the development of resistance 

mechanisms, as seen with mTOR inhibitors.

Another benefit of the suppression of AKT activity 

via HSP47 targeting is that, through its interaction with 

PHLPP1, HSP47 specifically targets AKT2 and AKT310. 

Although all three isoforms of AKT (AKT1, AKT2, and 

AKT3) have been reported to be expressed in both normal 

and CRC tissues45, AKT2 is more abundantly overexpressed 

in late-stage CRC and metastatic tumors, thus suggesting 

that AKT2 plays a critical role in CRC progression46 and may 

therefore be more susceptible to HSP47 inhibition. Whether 

HSP47 also interacts with PHLPP1’s isoform PHLPP2, 

which negatively regulates the activity of AKT1 and AKT310, 

remains to be explored. If HSP47 is the sole inhibitor of 

PHLPP1, a potential compensatory response leading to 

the hyperactivation of AKT1 might be induced in HSP47-

targeted therapy, owing to the synergistic and overlapping 

functions of AKT1 and AKT2 in CRC47; this possibility will 

require further examination.

HSP47 is highly expressed and is associated with abnormal 

collagen deposition in myofibroblasts and type II pneumo-

cytes in the lungs of individuals with idiopathic pulmonary 

fibrosis (IPF)48,49. Although the role of HSP47 is unclear in 

IPF, inhibition of HSP47 (with a lipid nanoparticle encap-

sulating an siRNA against HSP47, ND-L02-s0201) has been 

shown to improve pulmonary fibrosis in phase I clinical tri-

als50. These findings suggest that specific inhibition of HSP47 

may be a feasible option for the treatment of CRC.

Conclusions

We identified HSP47 as a novel protein that promotes cancer 

survival by modulating AKT signaling, probably via PHLPP1, 

in CRC. HSP47 may serve as a potential therapeutic target in 

CRC to promote the efficacy of chemotherapy.
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