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Abstract

Objectives—Determine if the behavior of cancer stem cells (CSC) is affected by HPV status.

Study Design—An in vitro and in vivo analysis of HPV and CSC

Setting—University Laboratory

Subjects—Head and neck cell lines

Subjects and Methods—We isolated CSC from HPV(+) and HPV(-) cell lines. Two HPV(-)

cell lines underwent lentiviral transduction of E6/E7. Chemoresistence was determined using

colony formation assays. Native HPV(+) and HPV-E6/E7-transduced cells were compared for

lung colonization after tail vein injection in NOD/SCID mice.

Results—The proportion of CSC is not significantly different in HPV(+) or HPV(-) HNSCC cell

lines. HNSCC CSC are more resistant to cisplatin than the non-CSC, however there were no

significant differences between HPV(+) and HPV(-) cells. HPV(-) cancer cells yielded low colony

formation after cell sorting. After transduction with HPV E6/E7, increased colony formation was

observed in both CSC and non-CSC. Results from tail vein injections yielded no differences in

development of lung colonies between HPV E6/E7 transduced cells vs. the non-transduced cells.

Conclusions—HPV status does correlate with the proportion of CSC present in HNSCC.

HPV(+) cells and those transduced with HPV E6/E7 have a greater clonogenicity than HPV(-)

cells. HNSCC CSC are more resistant to cisplatin than non-CSC. This suggests that common

chemotherapeutic agents may shrink tumor bulk by eliminating non-CS, while CSC have

mechanisms that facilitate evasion of cell death. HPV status does not affect CSC response to
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cisplatin therapy, suggesting that other factors explain the better outcomes for patients with

HPV(+) cancer.
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Introduction

Treatment for advanced head and neck squamous cell carcinoma (HNSCC) has continued to

yield poor outcomes. Cancer stem cells (CSC) have been identified in solid tumors and

implicated in tumor resistance to therapy1-3. HNSCC CSCs have been identified using the

cell surface marker CD44 and aldehyde dehydrogenase activity (ALDH)4-7. Both markers

are useful in isolating cells that exhibit the characteristics of CSC: the ability to give rise to

new tumors, to self-renew and to recapitulate the original tumor heterogeneity. CD44-

expressing cells in HNSCC have an increased metastatic potential, predict tumor

aggressiveness and have increased resistance to agents that induce apoptosis and to

irradiation8-10.

While studies in other solid tumors have identified ALDHhigh cells as a reliable marker for

chemoresistance in cancer cells11, 12, this property has not yet been explored in HNSCC.

The intracellular enzyme ALDH functions to protect cells by oxidizing toxic

metabolites13,14. Chemoresistance is not unexpected in these cells, since ALDH activity also

protects against chemotherapeutic agents like cisplatin and carboplatinum15.

The recognition of high-risk human papillomaviruses (hrHPV) as important etiologic factors

in oropharyngeal cancer has led to a significant interest in the role that hrHPV plays in

development, progression and response to therapy in HNSCC. The rise in the incidence of

oropharyngeal tumors due to HPV has challenged investigators to explain why HPV-related

tumors have favorable patient outcomes. The high-risk HPV oncogenes E6 and E7 derail

normal cell cycle pathways through interactions with the critical cell cycle regulators TP53

and retinoblastoma protein (Rb). The papillomaviruses that give rise to squamous cell

carcinomas of both the cervix and the head and neck only infect the cells that reside in the

basal layer of the mucosa, where normal stem cells exist, and as recently reported where

ALDHhigh expressing cells co-localize6.

Using HNSCC cell lines derived from HPV(+) HNSCC and HPV(-) cell lines transduced

with E6 and E7, we evaluated the role of HPV in HNSCC and CSC behavior. Our objectives

were to determine: 1) if CSC are more resistant to chemotherapy; 2) if HPV status change

CSC behavior; 3) if the proportion of CSCs varies in the presence of E6/E7; 4) if the

presence of these oncogenes effect the tumorigenicity of the CSC.

Materials and Methods

IRBMED approval and informed consent was obtained from patients enrolled in the

University of Michigan Head and Neck SPORE. The use of animals was reviewed and
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approved by the University of Michigan's Committee for the Humane Use and Care of

Animals.

Cell Culture

Six head and neck cancer cell lines were utilized: UD-SCC-2, UM-SCC-12, UM-SCC-29,

UM-SCC-38, UM-SCC-47 and UM-SCC-74B. UD-SCC-2 and UM-SCC-47 are HPV(+)

cell lines. Cells were cultured in standard conditions including Dulbecco's Modified Eagle

Medium (DMEM; Invitrogen) with 10% fetal bovine serum (FBS). Mycoplasma testing was

performed using Myco Alert Mycoplasma Testing Kit (Lonza, Rockland ME). The identity

of the cells lines was confirmed by Profiler Plus (Invitrogen) genotyping at 10 polymophic

STR loci.

Lentivirus Production and Transduction

UM-SCC-29 and UM-SCC-38 underwent lentiviral transduction: Lentivirus packaging

vectors (pMDL-RRE, pRSV-REV, pC1-VSVG) were co-transfected with pLentilox-HPV

E6/E7-IRES-puromycin or pLentiloxEV-Luciferase proviral plasmid into 293T cells.

Supernatants were collected after 72 hours, pelleted and resuspended (~1×107 TU/ml). Cell

lines were seeded on a 6 well plate (~4×105 cells/well) one day prior to lentiviral

transduction with lentivirusluciferase (labeled now as UM-SCC-29-Luc and UM-SCC-38-

Luc). Cell media was changed to 1.2 ml of fresh complete media, 0.3 ml of 10x virus and 8

μg/ml Polybrene (Sigma) were added. The cell media was changed to complete media 24

hours after transduction. The cells were expanded and grown for 3-4 weeks then subjected to

transduction with lentivirus-HPV E6/E7 IRES-puromycin under the same conditions as

above (cell lines now named UM-SCC-29-E6/E7 and UM-SCC-38-E6/E7).

RNA Extraction and Reverse Transcription Polymerase Chain Reaction

RNA was isolated by phenol-chloroform extraction with TRIzol (Invitrogen). cDNA was

synthesized using the Reverse Transcription System Kit (Promega) according to the

manufacturer's protocol. Primers used to detect E6 and E7 are listed in Table 1. The HPV-16

containing CaSki cervical cancer cell line was used as a positive control for presence of

oncogenes E6 and E7.

Flow Cytometry and Cell Sorting

CSC identification and isolation were performed using the enzymatic reaction involving

aldehyde dehydrogenase (ALDH) using the ALDEFLUOR kit (StemCell Technologies).

Two samples were used for controls: an ALDH-inhibited control achieved by adding

diethylaminobenzaldehyde 50 mmol/l and a cell viability control with 4’, 6-diamidino-2-

phenylindole (DAPI; BD Pharmigen). Flow cytometry gates were set using the inhibited

control and the cell viability sample. An equal number of the ALDHlow expressing cells and

ALDHhigh expressing cells were collected.

Multicellular Spheroid Formation

Cells were suspended in DMEM/F12 (Invitrogen) without serum. Additives included, 20

ng/μL basic fibroblast growth factor, 10 ng/μL epidermal growth factor and the stem cell
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growth supplement B-27 without retinyl acetate (GIBCO). Cells were plated in 6-well ultra-

low attachment culture plates (Corning). To determine if spheroids were able to recapitulate

the original monolayer phenotype, spheroids were placed back into standard culture plates

with complete media containing 10% FBS. For the limiting dilution experiments, three cell

lines (UM-SCC-47, UM-SCC 29, and UM-SCC 74B) were diluted to a ratio of 1 cell per 10

μL and plated at various densities using 96-well ultra-low attachment culture plates. Cells

were observed for spheroid growth for >30 days.

Evaluating Spheroid Architecture

The cell line UM-SCC-12 was grown in spheroid-promoting conditions for 7 days at a cell

density of 5 × 105 cells in ultra-low adherence plates. Spheroids were fixed in 70% ethanol.

Histogel (Thermo Scientific) was used to resuspend the fixed pellet. The pellet was then

embedded, sectioned and stained with hematoxylin and eosin.

Colony Formation Assays

CSC and non-CSC populations were plated at a cell density of 250 cells per 2.0 cm2 for cell

lines: UD-SCC-2, UM-SCC-38-Luc, UM-SCC-47, and UM-SCC-38-E6/E7. For UM-

SCC-29-Luc and UM-SCC-29-E6/E7, 500 cells per 2.0 cm2 were plated. Cells were allowed

to attach overnight and then treated with cisplatin. Cisplatin (Cis-diammineplatinum(II)

dischloride, DDP) (Sigma-Aldrich) was dissolved in sterile 0.9% NaCl to achieve a stock

concentration of 3.33 mM. Complete DMEM was used to dilute the stock concentration of

cisplatin to desired doses. Treatment with drug lasted for 12 hours. Cultures were observed

for 7-14 days (depending on growth rate differences) to allow for untreated cells to reach

>50 cells per colony. They were fixed and stained with crystal violet in 20% methanol.

Plating efficiency (PE) was calculated by dividing the number of colonies formed in the no

treatment group by the number of cells seeded Survival fraction (SF) was determined by

colonies formed after treatment divided by the number of cells seeded multiplied by the

plating efficiency. The student T-test determined statistical significance.

Tail Vein Injections

Non-obese diabetic severe combined immunodeficient (NOD/SCID) mice were injected and

assessed for lung lesions by bioluminescent imaging. Four mice were injected for each cell

line: UM-SCC-29-Luc, UM-SCC-29-E6/E7, UM-SCC-38-Luc and UM-SCC-38/E6/E7.

Cells were suspended in phosphate-buffered saline (PBS, Gibco) for 50,000 cell and 25,000

cell injections. Mice without positive bioimaging of lung tumors were euthanized and the

lungs sectioned to confirm the absence of squamous cell carcinoma.

Bioluminescence Imaging

Animals with tumor cell injections were imaged with the Xenogen IVIS-200 imaging

system. Treated mice were given intraperitoneal luciferin before being imaged.
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Results

E6/E7 Transduction

Transduction of E6 and E7 oncogenes was verified by comparing cDNA from UM-SCC-38-

E6/E7 and UM-SCC-29-E6/E7 to E6/E7 containing CaSki cell line by RT-PCR (Figure 1A).

The HPV(+) cell lines, UD-SCC-2 and UM-SCC-47, displayed E6 and E7; the HPV(-) cell

lines, UM-SCC-29 and UM-SCC-38, did not (Figure 1B). E6 appeared as two bands for

both cell lines representing a full length E6 gene product (476 base-pairs) and an internally

spliced variant E6* (297 base-pairs). The amplicon size for E7 was 400 base-pairs.

Proportion of ALDHhigh cells

Six cell lines were analyzed and sorted for ALDHhigh populations in at least three separate

trials (Figure 2). All cell lines had ALDH activity when analyzed by FACS. The average

ALDHhigh population was 1.85% (SE=0.48%) in UD-SCC-2, 13.51% (SE=2.09%) in UM-

SCC-47. 1.70% (SE=-0.29%) in UM-SCC-38-E6/E7, 4.11% (SE=2.42%) in UM-SCC-29-

E6/E7, 3.52% (SE=0.81%) in UM-SCC-38 and 8.10% (SE=1.65%) in UM-SCC-29 (Figure

2B). When HPV(+)cell lines were averaged, including those cell lines transfected with

E6/E7, the average ALDHhigh population was 5.65% (SE=1.42%) and HPV(-) average was

5.64% (SE=1.06%). There were no significant differences between the two groups (p=0.91).

However, the proportion of ALDHhigh cells decreased after E6 and E7 transfection, from

3.52% to 1.7% and 8.10% to 4.11% for UM-SCC-38 and UM-SCC-29 respectively.

Chemoresistance

Multiple cell lines (both HPV(+), HPV(-) and E6/E7 transduced) were treated with graded

concentrations of cisplatin and assessed for changes in colony formation. For HPV(+) cell

lines, UM-SCC-47 and UD-SCC-2, there was a statistically significant higher survival

fraction in the ALDHhigh cell population compared to the ALDHlow population at cisplatin

concentrations: 0.3125, 0.625, 1.25, 2.5 μM (p<0.03) (Figure 3A & 3C). For the HPV(-) cell

line UM-SCC-38, only at 1.25 μM cisplatin concentration did the ALDHhigh cells have a

significantly higher survival fraction than the ALDHlow cell population (p<0.01) (Figure

3B). In the transduced cell line UM-SCC-29-E6/E7 there was a significantly higher survival

fraction of ALDHhigh cells only at 0.625 μM cisplatin concentration (p<0.01) (Figure 3D).

No significant differences in survival were evident between the ALDHhigh and ALDHlow

cells for the transduced cell line UM-SCC-38-E6/E7 at any cisplatin concentration (Figure

3E). Overall there were no significant differences observed in the cisplatin sensitivity

between the HPV(+) and HPV(-) cell lines (Figure 4A). Additionally, there were no

significant differences in survival fraction of the ALDHhigh and ALDHlow cell

subpopulations sorted from HPV(+) and HPV(-) cell lines (Figure 4B).

Clonogenicity

The HPV(-) cell line UM-SCC-29, formed no colonies (Figure 4C). The HPV(-) cell line

UM-SCC-38 had very low clonogenicity in all experimental groups. Each of the naturally

infected HPV(+) cell lines, exhibited greater colony formation ability. In UD-SCC-2, there

were 18.35 (SE=2.28) and 11.68 (SE=1.78) colonies for ALDHhigh and ALDHlow,
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respectively. In UM-SCC-47, there were 6.86 (SE=1.35) and 8.19 (SE=1.21) colonies in the

ALDHhigh and ALDHlow, respectively. UM-SCC-29 and UM-SCC-38 both exhibited

increased in clonogenicity when the cell lines were transfected with E6/E7. For UM-

SCC-29-E6/E7, there were 3.86 (SE=0.68) and 10.53 (SE=1.1) colonies formed for

ALDHhigh and ALDHlow cells, respectively. Likewise, there was increased clonogenicity in

UM-SCC-38-E6/E7 with 12.38 (SE=1.11) average colonies formed for ALDHhigh and 13.5

(SE=0.80) average colonies for ALDHlow relative to the parental cells.

Self-renewal

UD-SCC-2, UM-SCC-12, UM-SCC-47, UM-SCC-38, UM-SCC-29 and UM-SCC-74B were

tested for their ability to grow as spheroids. All cell lines, with the exception of UD-SCC-2,

were able to form compact spheroids (Figure 5). UD-SCC-2 formed loose cellular

aggregates that did not reflect true spherical geometry. UM-SCC-47 and UM-SCC-74B

were tested using limiting dilution experiments to determine if single cells were able to form

spheroids. No spheroids were observed to form below cell densities of 2500 cells/100 μL in

96 well plates suggesting that spheroid formation does not represent clonal growth, but

rather aggregation. Spheroids were able to revert back to monolayer cell morphology when

plated back in standard culture conditions (Figure 5). When spheroids are fixed, sectioned

and stained, their morphology more closely resembles tumors than do monolayer cells.

Tail Vein Injections

A total of 8 mice were injected with each cell line. Four mice in each group were injected

with the control transfected cell lines (UM-SCC-29-Luc and UM-SCC-38-Luc) and four

mice with the E6/E7 transfected cell lines (UM-SCC-29-E6/E7 and UM-SCC-38-E6/E7)

(Figure 6). In the UM-SCC-29-E6/E7 tail vein injections 1 out of 4 mice grew lung lesions

with 5 x 104 cells after 8 weeks and progressed at 16 weeks. For UM-SCC-29-Luc, there

were no lesions at 8 weeks, but lung lesions appeared in 1 out of 4 mice at 16 weeks. UM-

SCC-38-E6/E7 and UM-SCC-38-Luc did not produce lung lesions up to 16 weeks. The

E6/E7 status of the cell line did not alter the ability of the cells to produce lung colonies.

Discussion

Over the last twenty years, numerous treatment strategies have been suggested for patients

with advanced head and neck cancers. Platinum-based therapy is often included in treatment

arms. Cisplatin resistance in HNSCC is a major obstacle in spite of escalating doses. One

explanation for this observation is that the cells surviving chemotherapy acquire resistance

after multiple rounds of treatment. The cancer stem cell hypothesis suggests that treatment

failures occur due to ineffective killing of cancer stem cells16. Our results indicate that the

HNSCC CSC fraction, as identified by high ALDH expression, represents a very small

subset of tumor cells that have increased cell survival after treatment with cisplatin. Four of

the 5 cell lines we tested demonstrated increased cell survival in CSCs with exposure to at

least one concentration of cisplatin. Cancers from other tumor sites have revealed similar

findings, showing inherent chemoresistence in ALDHhigh expressing cells15. In breast

cancer cell lines, Tanei et al. observed that ALDHhigh cells were more resistant to sequential

treatment with paclitaxel and epirubicin-based chemotherapy than their ALDHlow
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counterparts17. They also observed that primary tumors had increased expression of ALDH1

cells after neoadjuvant chemotherapy, indicating a high rate of CSC survival after treatment.

In colorectal cancer, inhibition ALDH1 appears to play a role in sensitizing cells to

cyclophosphamide18. Our results are the first to show chemoresistance in HNSCC CSCs

using ALDH as a marker to identify the CSC population. Multiple mechanisms have been

proposed to explain this resistance in other cancers, including the involvement of the ALDH

enzyme itself14.

Expression of CSC markers correlates with worse prognosis and advanced tumor stage in

HNSCC and other tumors10,19. Conversely the presence of HPV-16 has proven to be a

favorable prognostic indicator in patients with oropharyngeal cancer20,21. While our data

showed no differences in the proportion of ALDHhigh expressing cells between HPV(+) and

HPV(-) cell lines, we did observe a decrease in CSC proportion when our two HPV(-) cell

lines were transduced with the HPV-16 oncogenes E6 and E7. It is tempting to suggest that

this may play a role in changing tumor behavior, but further studies to test this finding are

needed.

Currently, to our knowledge, there are only six HNSCC HPV(+) cell lines previously

described22-25. Generally, these cell lines are not representative of the profile of the patients

with HPV-associated oropharyngeal cancer, as many come from tumors that exhibit

aggressive biological behavior. To better elucidate the effect of HPV status on CSC, more

studies must be performed using primary tumor samples, and HPV(+) cell lines that reflect

the patient population where HPV-associated improved outcomes are seen.

Although we did find that HNSCC cancer cells with high ALDH expression were more

resistant to cisplatin therapy, we did not find differences between HPV(+) and HPV(-) cell

lines, including our E6/E7 transduced cell lines. This suggests that HPV status alone does

not directly correlate with cisplatin sensitivity. Additionally, our results indicate that

transduction of E6 and E7 does not alter cisplatin sensitivity. In one study of HNSCC, only a

modest increase in HPV(+) HNSCC cell line sensitivity was demonstrated between HPV(+)

and HPV(-) cell lines in vitro; but in immunocompetent mice, HPV(+) tumors responded

better to radiation and cisplatin26. As we did not identify any differences in cisplatin

sensitivity in vitro between HPV(+) cancer cells and E6 and E7 transfected cancer cells, it

suggests that HPV(+) HNSCC cells by themselves lack intrinsic properties that make them

more sensitive to cisplatin. These findings indicate that response to therapy in HNSCC

associated with HPV likely involves a complex interplay between therapeutic agents, the

antigenic properties of the cancer cells and the host immune system26, 27.

The presence of transfected and integrated E6/E7 had an impact on cancer cell

clonogenicity. After transfection, there was an enhanced ability of the cancer cells to form

colonies. UM-SCC-29-Luc underwent anoikis (where cells undergo programmed cell death

when detached from extracellular matrix) after cell sorting and culture in suspension, but

when transformed with oncogenes E6/E7 tumor cells were able to resist anoikis and

proliferate. Moreover, we found that our two naturally infected HPV(+) cell lines formed

more colonies than our HPV(-) cell lines. Expression of E6 and E7 induces immortalization

in several cell types by inactivating the apoptotic regulators TP53 and Rb28-30. Silencing of
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E6 and E7 results in apoptosis in HPV(+) HNSCC cell lines31. The precise biologic

mechanisms by which E6 and E7 induce these changes are not fully understood.

Culture in suspension is a method by which the CSC populations can be enriched. When

cells are grown in serum-free media and plated on non-adherent flasks, floating spheroids

and cellular aggregates form. This technique has been tested in various malignancies

including glioblastomas, breast cancers and colon cancers32-34. Focus on spheroid

cultivation in HNSCCs has been limited. Our spheroid model in HNSCC did not

demonstrate the behavior of self-renewal. We based our conditions on work done with

glioma spheroids, where additives enhanced cell conditions that fostered self-renewal for

those stem cells32. We speculate that for HNSCC CSC self-renewal, suitable

microenvironments that promote single CSC maintenance and expansion may still need to

be worked out. Krishnamurthy et al. recently demonstrated that CSC survival and self-

renewal requires a niche that involves cell signaling initiated by factors secreted by

endothelial cells6.

Nevertheless, we have demonstrated that the spheroids cultivated as a result of cellular

aggregation represent a unique three-dimensional model that more closely represents the in

vivo tumor structure than that of cells grown under adherent culture conditions. We

postulate that this model may provide a more accurate method to evaluate anti-cancer drug

efficacy in an in vitro environment35.

Conclusions

Cancer stem cells in head and neck tumors are more resistant to cisplatin than non-CSC.

This finding suggests that although cisplatin may shrink the tumor it may be less effective in

eradicating the CSCs, leaving this potent population of cancer cells behind. HPV status does

not appear to have a significant effect on the proportion of cancer stem cells present in

HNSCC or their sensitivity to cisplatin therapy. This indicates that other factors, possibly

immune-regulated mechanisms, may be responsible for the more favorable outcomes of

patients with HPV associated HNSCC.
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Figure 1.
A. Transduction of E6 and E7 oncogenes into UMSCC-38 and UMSCC-29. B.UD-SCC-2

and UM-SCC-47, display E6 and E7,the HPV(-) cell line, UM-SCC-38, does not.
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Figure 2.
Flow cytometry A. Left - Control ALDH activity after inhibition with DEAB. Right -

ALDHhigh population. B. Percent ALDHhigh in in cell lines.
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Figure 3.
Comparison of survival fraction of ALDH+ (ALDHhigh) and ALDH- (ALDHlow) cells

sorted from cel lines and exposed to cisplatin at varuous concentrations
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Figure 4.
A and B. Comparison of survival fraction between HPV(+) and HPV(-) cell lines at various

doses of cisplatin. C. Colony formation assay.
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Figure 5.
A. Spheroid formation in a series of cell lines. B. Spheroids are able to revert back to

monolayer cell morphology. C. Spheroids closely mimic primary tumor morphology.
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Figure 6.
Tail vein injections in non-obese diabetic severe combined immunodeficient mice at 8 and

16 weeks. Bioluminescence reveals lung colonies
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Table 1

Primers used for HPV RT-PCR

Primer Sequence Product length Annealing Temperature Cycle number

HPV16 E6 F# ATGCACCAAAAGAGAACTG 476bp 55? 35

HPV16 E6 R# TTACAGCTGGGTTTCTCTAC 476bp 55? 35

HPV16 E7 F ACCGGTCGATGTATGTCTTGTTG 360bp 55? 35

HPV16E7R CCGTACCCTCTTCCCCATTG 360bp 55? 35

#
Also amplifies the alternate transcripts E6*I and E6*II
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