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Cystatin E/M Suppresses Tumor Cell Growth through Cytoplasmic
Retention of NF-�B

Hendrick Soh,a Natarajan Venkatesan,a Mysore S. Veena,b Sandhiya Ravichandran,a Alborz Zinabadi,a Saroj K. Basak,b

Kislay Parvatiyar,c Meera Srivastava,d Li-Jung Liang,b David W. Gjertson,e Jorge Z. Torres,f Neda A. Moatamed,e Eri S. Srivatsana,g

Division of General Surgery, Department of Surgery, VAGLAHS/David Geffen School of Medicine at UCLA, Los Angeles, California, USAa; Department of Medicine,
VAGLAHS/David Geffen School of Medicine at UCLA, Los Angeles, California, USAb; Department of Microbiology, Immunology and Molecular Genetics, UCLA, Los
Angeles, California, USAc; Department of Anatomy, Physiology and Genetics and Institute of Molecular Medicine, Uniformed Services University of Health Services School
of Medicine, Bethesda, Maryland, USAd; Department of Pathology and Laboratory Medicine, David Geffen School of Medicine at UCLA, Los Angeles, California, USAe;
Department of Chemistry and Biochemistry, UCLA, Los Angeles, California, USAf; Jonsson Comprehensive Cancer Center, UCLA, Los Angeles, California, USAg

We and others have shown that the cystatin E/M gene is inactivated in primary human tumors, pointing to its role as a tumor
suppressor gene. However, the molecular mechanism of tumor suppression is not yet understood. Using plasmid-directed cysta-
tin E/M gene overexpression, a lentivirus-mediated tetracycline-inducible vector system, and human papillomavirus 16 (HPV
16) E6 and E7 gene-immortalized normal human epidermal keratinocytes, we demonstrated intracellular and non-cell-autono-
mous apoptotic growth inhibition of tumor cell lines and that growth inhibition is associated with cytoplasmic retention of
NF-�B. We further demonstrated decreased phosphorylation of I�B kinase (IKK�) and I�B� in the presence of tumor necrosis
factor alpha (TNF-�), confirming the role of cystatin E/M in the regulation of the NF-�B signaling pathway. Growth suppression
of nude mouse xenograft tumors carrying a tetracycline-inducible vector system was observed with the addition of doxycycline
in drinking water, confirming that the cystatin E/M gene is a tumor suppressor gene. Finally, immunohistochemical analyses of
cervical carcinoma in situ and primary tumors have shown a statistically significant inverse relationship between the expression
of cystatin E/M and cathepsin L and a direct relationship between the loss of cystatin E/M expression and nuclear expression of
NF-�B. We therefore propose that the cystatin E/M suppressor gene plays an important role in the regulation of NF-�B.

Cervical cancer is the second-most-common cancer responsi-
ble for cancer-related death in women around the world. The

incidence is increasing, with 450,000 new cases diagnosed world-
wide and 12,340 diagnosed in the United States annually (1, 2). It
is the third leading cause of death from cancer in women 15 to 34
years of age and the fifth leading cause of death in women 35 to 54
years of age, representing about 2% of all cancers in women in the
United States. The disease is frequently found in women who have
had multiple sex partners, smoking habits, and immune system
dysfunctions (3). Cervical cancer is closely linked with human
papillomavirus (HPV) infection, and HPVs are detected in 90%
of cervical cancer lesions (4–6). While the E6 protein of HPV
inactivates p53 and E7 inactivates the retinoblastoma (Rb) tu-
mor suppressor protein, detailed studies on a large number of
tumors indicate that viral infection alone is not sufficient for
tumor development. Studies have also shown that 20 to 30
million Americans are infected with HPV (7). However, only
those in a subset develop cervical cancer. Recently, HPVs have
been implicated in the development of head and neck, lung,
and breast cancers (8–10).

Cystatins are inhibitors of cysteine proteases and are classified
into a large superfamily subdivided into three families based on
their location, size, and complexity of polypeptide chains (11–13).
Cystatin E/M belongs to the type 2 cystatin family (cystatin C, D,
E/M, F, S, SA, and SN), whose members are mainly secreted, and
most of them are found abundantly in body fluids and tissues.
Cystatin E/M is present as an unglycosylated 14-kDa form con-
taining 149 amino acids and a 17-kDa form that is glycosylated.
Loss of this protein seems to play a significant role in abnormal
skin development (14). A null mutation of the mouse cystatin E/M
gene is also correlated with development of the ichq phenotype,

characterized by neonatal lethality, abnormal cornification, and
desquamation. Cystatin E/M was initially identified as a down-
regulated transcript in metastatic breast cancers (15, 16). A num-
ber of studies have implicated cystatin E/M as a human tumor
suppressor gene that is inactivated in the cancers of the breast,
cervix, prostate, brain, and stomach (17–23). Our studies have
also shown that the inactivation of the gene is associated with
homozygous deletion, promoter hypermethylation, and somatic
mutations in primary tumor samples (19). Cystatin E/M gene is
expressed in ductal carcinoma in situ (DCIS) but not in metastatic
breast cancer, pointing to inactivation during tumor progression
(16–18, 24). Finally, inactivation of cystatin E/M gene is associated
with the loss of expression of estrogen and progesterone receptors
and HER4, indicating an association with these proteins in the
development of invasive breast cancers (25). However, the molec-
ular mechanism of cystatin E/M-mediated tumor cell growth in-
hibition is not yet understood.

Cathepsins include a broad range of proteases, the serine (A

Received 16 September 2015 Returned for modification 20 November 2015
Accepted 1 April 2016

Accepted manuscript posted online 18 April 2016

Citation Soh H, Venkatesan N, Veena MS, Ravichandran S, Zinabadi A, Basak SK,
Parvatiyar K, Srivastava M, Liang L-J, Gjertson DW, Torres JZ, Moatamed NA,
Srivatsan ES. 2016. Cystatin E/M suppresses tumor cell growth through
cytoplasmic retention of NF-�B. Mol Cell Biol 36:1776 –1792.
doi:10.1128/MCB.00878-15.

Address correspondence to Eri S. Srivatsan, esrivats@g.ucla.edu.

H.S. and N.V. contributed equally to this article.

Copyright © 2016, American Society for Microbiology. All Rights Reserved.

crossmark

1776 mcb.asm.org June 2016 Volume 36 Number 12Molecular and Cellular Biology

http://dx.doi.org/10.1128/MCB.00878-15
http://crossmark.crossref.org/dialog/?doi=10.1128/MCB.00878-15&domain=pdf&date_stamp=2016-4-18
http://mcb.asm.org


and G), aspartic (D and E), and cysteine (B, K, L, S, and V) cathe-
psins (26). Cathepsins are present in intracellular lysosomal com-
partments as well as in glycosylated form in the extracellular space.
The secreted forms are involved in the degradation of extracellular
matrix (ECM) and basement membrane proteins. They partici-
pate in the conversion of pro-uPA (urinary plasminogen activa-
tor/urokinase) into active uPA. Overexpression of cathepsin B has
been reported in aggressive human cancers, including that of the
cervix (27, 28). Overexpression of cathepsin L (CTSL) is also re-
ported in human tumors and in inflammatory arterial diseases,
aortic aneurysm, and atherosclerosis (29–32). Biochemical studies
have shown that cystatin E/M binds to cathepsins L and V as a
noncompetitive inhibitor, thereby preventing membrane diges-
tion by cathepsins (33). Thus, the inverse relationship of expres-
sion of cystatin E/M and expression of cathepsin L seems to play
an important role in cell growth development and cancer. In the
present investigation, using exogenous expression, a tetracycline-
inducible lentiviral system, and immortalized human epidermal
keratinocytes (HEKs), we demonstrated the existence of both in-
tracellular and non-cell-autonomous growth-inhibitory proper-
ties of cystatin E/M. We also demonstrated that induced cystatin
E/M gene expression is associated with reduced phosphorylation
of I�B kinase (IKK�) and I�B�, leading to cytoplasmic retention
of NF-�B, which in turn results in reduced expression of cytokines
and growth factors.

MATERIALS AND METHODS
Cell lines. HPV-positive HeLa cells and HPV-negative C33A and HT3 cell
lines representing cervical cancer and CCL23 cells representing head and
neck cancer and normal human epidermal keratinocytes (HEKs) were
obtained from the American Type Culture Collection (ATCC, Manassas,
VA). The tumor cell lines were grown in Dulbecco’s modified Eagle’s
medium (DMEM) containing a high level (4,500 �g/ml) of glucose, 1
mmol/liter glutamine, 100 IU/ml penicillin (Cellgro 10-013-CV; Media
Tech, Grand island, NY), and 10% fetal bovine serum (FBS) (Sigma, St.
Louis, MO). The HPV 16 E6 or E7 or E6/E7 immortalized HEKs (obtained
from Denise Galloway, University of Washington Seattle, WA) and the
normal HEKs were grown in keratinocyte culture medium supplemented
with 10% FBS (Epilife MEM1500CA and 133-GS; Gibco-Life Technolo-
gies, St. Louis, MO). Two hypervariable regions (HVR1 [bp 50 to 585] and
HVR2 [bp 16005 to 16503]) of the mitochondrial genome of the revised
Cambridge Reference Sequence (rCRS) were used for the authentication
of the cell lines (34). These sequences are commonly used for cell line
authentication by other investigators (35). PCR products were sequenced
at the genome sequencing core facility of the University of California, Los
Angeles (UCLA), and the data showed the presence of four single nucle-
otide polymorphisms (SNPs) of the HVR1 region in the HeLa cells and
five SNPs in the CCL23 cells. Four of the CCL23 SNPs were identical to
those of the HeLa cells. Four SNPs of the HVR2 region were identical in
the two cell lines.

Normal and tumor tissues. Paraffin sections of 5 normal cervical tis-
sues, 28 cervical carcinoma in situ (CIN) tissues, and 33 primary cervical
tumors were obtained from the City of Hope National Medical Center and
from the cooperative human tissue network of the NIH. Human tissues
were obtained after approval from the Institutional Review Board (IRB)
committees of the West Los Angeles VA Medical Center and the City of
Hope National Medical Center. While information concerning the HPV
status of the primary tumors was available, information concerning other
clinical phenotypes was not available.

Transfection. HeLa or C33A cells (2 � 106) were grown in 100-mm-
diameter tissue culture plates overnight to achieve 70% to 80% confluence
for transfection with 5 �g of pCMV control vector or the cystatin E/M
gene-containing plasmid (17) using Lipofectamine 2000 reagent (Invitro-

gen, Inc., Carlsbad, CA) according to the manufacturer’s instructions. At
24 h after transfection, cells were used for the cell viability assays at differ-
ent time periods. Cotransfection of HeLa cells (2 � 106 in 100-mm-diam-
eter tissue culture plates) was performed with 5 �g of hemagglutinin
(HA)-tagged HPV 16 E6 or HPV 16 E7 plasmid vectors (Addgene, Cam-
bridge, MA) and FLAG-tagged (Sigma Chemical Company, St. Louis,
MO) cystatin E/M gene plasmid. HEK293T cells (human embryonic kid-
ney cell line [2.5 � 105 cells]) were transfected in 6-well tissue culture
plates with myc-p100 (500 ng) or cotransfected with FLAG-NIK (100 ng)
and FLAG-CST6 (1.5 �g) or FLAG-cIAP1 (1.5 �g) plasmid vectors (36),
and the cells were harvested 24 h after transfection and lysed with the lysis
buffer (25 mM Tris-Cl [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1% NP-40,
5% glycerol) on ice for 10 min. Lysates were cleared via centrifugation for
5 min and combined with 2� loading dye prior to protein separation on
4% to 20% PAGE gels.

Tetracycline-inducible lentiviral system. An LVX tet-on advanced
vector system (Clontech, San Diego, CA) consists of two plasmids: a
pLVX-tet-on plasmid containing the tetracycline (Tet)-inducible transac-
tivator element (rtTR-advanced) and a pLVX-Tight-puro plasmid that
contains the minimal tetracycline response element (TRE) attached with a
modified minimal cytomegalovirus (CMV) promoter driving expression
of the cystatin E/M gene. The two plasmids were packaged in 293T cells
with pseudotyped vesicular stomatitis virus G protein (VSV-G) particles.
The lentiviral particles of high titer containing the plasmids were acquired
from the UCLA core facility. The two plasmids were transfected into the
HeLa cells and selected using G418 (800 �g/ml) and puromycin (2 �g/ml)
for the retention of pLVX-tet-on and pLVX-Tight-puro plasmids, respec-
tively. The selected clones (CMV or CST6 cell clones) were maintained in
antibiotic selection medium.

TNF-� treatment. HeLa or CST6 cells were grown to semiconfluence
(60% confluence), grown in serum-free medium for 24 h, and then grown
in the presence or absence of doxycycline (dox) (2 �g/ml) for 48 h. Cells
were then treated with tumor necrosis factor alpha (TNF-�) (10 ng/ml)
for 5 min, and cellular proteins were extracted using radioimmunopre-
cipitation assay (RIPA) lysis buffer containing a complete protease inhib-
itor cocktail (Roche Diagnostics, Indianapolis, IN).

Cytoplasmic/nuclear fractionation. A cell fractionation kit (ab109719)
from Abcam (Cambridge, MA) was used to obtain nuclear and cytoplasmic
fractions. To validate the purity of fractions, histone H3 (ab1791; Abcam,
Cambridge, MA) was used as a nuclear marker and MEK-1/2 (9122; Cell
Signaling Technology, Danvers, MA) as a cytoplasmic marker.

MTT assay for cell viability. Control and transfected cells (4 � 104)
were grown in 24-well tissue culture dishes for 24, 48, 72, and 96 h. The
MTT [3-(4,5-dimethylthiozol-2-yl)-2,5-diphenyl tetrazolium bromide]
assay was carried out following established protocols (19).

Annexin V-FITC apoptosis assay. The apoptosis assay was carried out
with an annexin V-fluorescein isothiocyanate (FITC) kit using the proto-
col of the manufacturer (catalog no. 556547; BD Biosciences, San Jose,
CA). Briefly, 5 � 105 cells in a 0.5-ml suspension of the culture medium
were centrifuged at 1,000 � g for 5 min, suspended in 0.5 ml of cold
phosphate-buffered saline (PBS), centrifuged again at low speed for 5
min, and resuspended in 0.5 ml of cold annexin V binding buffer (10
mmol/liter HEPES [pH 7.4], 150 mmol/liter NaCl, 2.5 mmol/liter CaCl2,
1 mmol/liter MgCl2, 4% bovine serum albumin [BSA]). Annexin V-FITC
(1.25 �l) was added, and the mixture was incubated in the dark at room
temperature for 15 min. The treated cells were centrifuged at the low
speed for 5 min and suspended again in 0.5 ml of cold binding buffer.
Propidium iodide (10 �l) was added, and the cells were analyzed on a
Becton Dickinson FACScan analytic flow cytometer. Annexin V-FITC
fluorescence (FL1) was detected at 518 nm and the propidium iodide
(FL2) at 620 nm.

Soft-agar colony growth assay. Cystatin E/M gene- and CMV-trans-
fected C33A cells were trypsinized and suspended in DMEM containing
0.1% luke-warm agar at a cell concentration of 10 � 103 cells/ml. The
suspension was spread on 0.5% solidified agar 6-well tissue culture plates.
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The agar plates were incubated in the tissue culture incubator for 15 days,
and the colonies were counted under a Zeiss microscope. Colony pictures
were taken using an EVOS XL cell imaging system (Thermo Fisher Scien-
tific, Grand Island, NY). The assay was performed in duplicate and re-
peated with a concentration of 20 � 103 cells/ml per well.

Cell-free supernatant growth assay. A 50:50 mix of the cell-free su-
pernatants from the plasmid-transfected HeLa cells was used for the
growth assay in 24-well tissue culture plates. The medium (1.5 ml) was
changed once in 2 days, and the MTT assay was performed on the viable
cells as described.

Boyden chamber growth assay. HeLa cells (10,000 cells) or keratino-
cytes (due to slow growth, 20,000 cells were used) were seeded onto the
top chamber (BD Biosciences, San Diego, CA) (0.4-�m-thick inserts) of
the 24-well tissue culture plates. The bottom chamber contained HeLa or
CCL23 cells (15,000 cells). The top chamber received 1.0 ml of either the
specialized keratinocyte medium for the HEKs or the DMEM for the HeLa
cells, with each medium supplemented with 10% FBS. The bottom cham-
ber received 1.5 ml of DMEM supplemented with 10% FBS.

Western blot analysis. Cellular proteins were extracted as described
earlier, and Western blotting was performed using 20 to 30 �g of dena-
tured proteins on 4% to 20% SDS acrylamide gels (Invitrogen, Inc., Carls-
bad, CA). Proteins transferred onto nitrocellulose were hybridized to an-
tibodies p16 (N29) from Cal Biochem, San Diego, CA, cystatin E/M (MAB
1286) and cathepsin L (goat polyclonal AF952) from R & D Systems, Inc.,
Minneapolis, MN, � tubulin, (sc-9104), � actin (sc-482), and NF-�B (p65
[sc-109]) from Santa Cruz Biotechnology, Dallas, TX, FLAG (F1804)
from Sigma-Aldrich Chemical Company, St. Louis, MO, and HA (3724S),
Bax (2772), NF-�B (p100/p52) (3017), I�B� (9242), phospho-I�B� (ser
32) (2859), IKK� (8943), phospho-IKK�/� (Ser176/180) (2697), Myc tag
(2276), and �-actin (4970) from Cell Signaling Technology, Danvers,
MA, by following the established protocol (19). For the detection of cys-
tatin E/M expression in cell-free supernatants, immunoprecipitation of 1
ml supernatant with 1.0 �g of mouse anti-cystatin E/M antibody (MAB
1286; R & D Systems, Inc., Minneapolis, MN) followed by Western blot-
ting with biotinylated anti-cystatin E/M antibody (BAF 286; R & D Sys-
tems, Inc., Minneapolis, MN) was performed. All Western blot analyses
were performed at least twice.

Ubiquitination assay. HeLa cells were grown in minimal essential
medium (MEM) to 75% confluence and transfected with 5 �g each of
HPV 16 E6, HPV 16 E7, or HPV 16 E6 plus CST6 or HPV 16 E7 plus CST6
plasmids using Lipofectamine 3000 (Invitrogen, Inc., Carlsbad, CA)
transfection reagent. After growth for 4 h in Opti-MEM GlutaMAX re-
duced serum medium (Thermo Fisher Scientific, Waltham, MA), cells
were grown in MEM–10% serum for 60 h. Cells were then treated with
protease inhibitor (MG-132) (catalog no. SML1335; Sigma-Aldrich
Chemical Company, St. Louis, MO) (10 �M) and deubiquitinase inhibi-
tor (NEM) (catalog no. E3876; Sigma-Aldrich Chemical Company, St.
Louis, MO) (10 �M) for 4 h, and the lysates were prepared in the ice bath
by incubation with the lysis buffer (50 mM HEPES, 200 mM KCl, 1 mM
EGTA, 1 mM MgCl2, 0.5 mM dithiothreitol [DTT], 0.5% NP-40 contain-
ing protease and phosphatase inhibitors) for 15 min. The lysate was spun
at 15,000 rpm for 10 min, and the supernatants were used for protein
concentration measurements. Immunoprecipitations were done by bind-
ing the 200 �g of protein lysates with protein G beads and anti-cystatin
E/M antibody (MAB 1286; R & D Systems, Inc., Minneapolis, MN) for 1 h
at 4°C and then washed 3 times with buffer containing 50 mM HEPES, 200
mM KCl, 1 mM EGTA, 1 mM MgCl2, and 0.05% NP-40 following elution
performed by boiling the washed beads with 1� sample buffer for 10 min.
Samples were run on 4% to 20% SDS-PAGE gels, and the blots were
hybridized to the control IgG or antiubiquitin antibodies (BML-PW8810-
0100; Enzo Life Sciences). After secondary antibody (IR680 and IR800;
LiCOR Corp.) hybridization, membranes were scanned using a LiCOR
Odyssey instrument.

Transcriptome sequencing (RNA-seq) analysis. RNA was isolated
using a PureLink RNA minikit from Ambion (12183018A; Life Technol-

ogies, Inc., Carlsbad, CA), and the libraries were made according to the
well-established Illumina Ribo-Zero protocol. Six barcoded libraries were
then multiplexed and sequenced on one lane of an Illumina HiSeq se-
quencer. Reads were unstranded and single ended, with a length of 50
nucleotides (nt). Reads with perfect tags were demultiplexed and mapped
to human genome hg19 with refseq gene annotation by tophat2 (version
2.0.6) (37) together with Bowtie 1 (version 0.12.8). Only uniquely
mapped reads were used by Htseq-count (38) to calculate the number of
reads that aligned to each refseq gene. Genes with more than 10 reads
under at least one set of conditions were used (DESeq2, version 1.4.5) (39)
to perform gene differential-expression analysis.

Cytokine and growth factor analysis. Multiplexed assays for cyto-
kines, matrix metalloproteinases (MMPs), AKT, and growth factors were
used for analysis of doxycycline-induced CST6 cells and secreted medium
on a Sector Imager 6000 instrument (Meso Scale Discovery, Gaithersburg,
MD). We used a Human Pro-Inflammatory 9 Plex assay kit (U-Plex Bio-
marker Group 1 [catalog no. K15069L-1]; MesoScale Discovery) for the
measurement of interleukin-2 (IL-2), IL-8, IL-12p70, IL-1�, granulocyte-
macrophage colony-stimulating factor (GM-CSF), gamma interferon
(IFN-�), IL-6, IL-10, and TNF-� levels, an AKT signaling assay kit (Akt
Signaling Base kit; catalog no. K15115A-3) for the measurement of total
p70S6K, glycogen synthase kinase 3b (GSK-3b), and AKT levels, an AKT
phospho-signaling assay kit (Akt Signaling [Total Protein] Base kit; cata-
log no. K15133A-3) for the measurement of p-p70S6K, pGSK-3b, and
pAKT levels, an MMP 3-Plex assay kit (Human MMP 3-Plex Base kit;
catalog no. K15034A-4) for the measurement of MMP-1, MMP-3, and
MMP-9 levels, an MMP 2-Plex assay kit (Human MMP 2-Plex Base kit;
catalog no. K15033A-4) for the measurement of MMP-2 and MMP-10
levels, and a human growth factor assay kit (Human Growth Factor I kit;
catalog no. K15029C-1) for the measurement of basic fibroblast growth
factor (bFGF), soluble fms-like tyrosine kinase 1 (sFLT-1), phosphatidy-
linositol-glycan biosynthesis class F protein (PIGF), and vascular endo-
thelial growth factor receptor (VEGF) levels. The samples were added to
plates that were precoated with capture antibodies for the specific cyto-
kines or growth factors. Assays were performed per the guidelines of the
manufacturers, and the plates were read on a Sector 6000 imager. Samples
were assayed in triplicate, and the means of the results from the triplicate
assays were used for statistical analysis as described earlier (40). The assay
was performed thrice.

Immunofluorescence. Cells were grown overnight on coverslips to
semiconfluence (70% to 80%) and transfected with the cystatin E/M gene
or the control CMV plasmid DNAs. Immunofluorescence was performed
using anti-cystatin E/M antibody (R & D Systems, Minneapolis, MN) by
following the established protocol (19).

IHC. Paraffin sections (5 �m thick) of tumor samples were dewaxed
and hybridized to cystatin E/M (MAB 1286; 1:100 dilution) or cathepsin L
(goat polyclonal AF952, 1:400 dilution) antibodies (R & D Systems, Inc.,
Minneapolis, MN) or NF-�B (p65) antibody (rabbit ab31481; 1:80 dilu-
tion) (Abcam, Cambridge, MA) by following a standard immunohisto-
chemical (IHC) hybridization protocol (41). Normal cervix tissue was
used as a control. Slides were stained with hematoxylin and eosin for
pathological evaluation of normal, CIN, and tumor phenotypes. Slides
were read by two pathologists using a Zeiss microscope. Percent reactivity
of protein expression was scored from 0 to 100, and the intensity of ex-
pression was scored as 0, 1, 2, or 3, with 3 being the maximum level of
expression.

HeLa/CST6tet-ind xenograft tumors in mice. CST6 cells were injected
subcutaneously into 5-week-old NOD/SCID IL2R� null mice (The Jack-
son Laboratory, Bar Harbor, ME) for tumor formation. Animals were
housed in sterile rodent microisolator caging, with a filtered cage top. Two
to four animals were housed in each cage, with animals resting directly on
bedding. They were given free access to sterile water and food. All cages,
covers, and bedding were sterilized weekly. Tumor volume was calculated
using the formula V � (4/3)	W2L, where W is half of the shorter axis
diameter and L is half of the longer axis diameter, as described previously
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(42). Tumors were excised when the volume reached a maximum of 15
mm in one of the dimensions. All animal procedures were approved by
the Institutional Animal Care and Use Committee of the West Los Angeles
Veterans Affairs Medical Center, in accordance with the USPHS Policy on
Humane Care and Use of Laboratory Animals.

Statistical analysis. For the MTT optical density assay, cell viability at
570 nM was measured using a 96-well microplate reader (Power Wave XS;
Biotek Instruments, Inc., Winooski, VT). To examine the differences in
cell viability among groups, analysis of variance (ANOVA) modeling was
used with the following covariates: group, time (measured in days), and a
group-by-time interaction term. The model also allows heterogeneous
variance across groups. Data are expressed as 
 standard deviations (SF)
of results from at least three independent MTT growth assays. P values
were estimated using the slope values. For the cytokine and growth factor
analysis, data points from the Meso-Scale multiplex assays were charac-
terized on the basis of reproducible technical replicates, low percentages
of coefficients of variation (CV) (�5%) present within the linear portion

of the standard curve, and a value above the lower limit of detection
(LLOD). Differences in the levels of expression were calculated using a
two-tailed t test and were taken to be significant at a P value of �0.05, or
at �2 standard deviations (SD) from the mean (SD � 2.0), as appropriate.
For the immunohistochemical data, statistical evaluation was performed
using the two-sample Wilcoxon rank sum (Mann-Whitney) test.

RESULTS

We and others have shown that the cystatin E/M gene behaves as a
human tumor suppressor gene (17–23). However, the molecular
mechanism of cystatin E/M-mediated growth suppression is not
yet known.

Growth inhibition in vitro with exogenous expression of cys-
tatin E/M. To determine the role of cystatin E/M in expression of
cathepsin L, Western blot analysis of cystatin E/M gene-trans-
fected HeLa cells confirmed the expression of cystatin E/M ac-

FIG 1 Apoptotic cell growth inhibition of HeLa cells expressing cystatin E/M protein. (A) Transfection of cystatin E/M plasmid into HeLa cells shows the
expression of both 14-kDa nonglycosylated and secreted 17-kDa glycosylated forms of cystatin E/M protein in comparison to the levels seen with control CMV
plasmid-transfected cells. We could also visualize reduced expression of cathepsin L in cystatin E/M-expressing cells. (B) Annexin V-FITC assay data show
enhanced apoptotic cell death in cystatin E/M (CysM)-expressing cells (27.79% [sum of data in the lower right and upper right panels]) in comparison to the
HeLa cells transfected with plasmid alone (10.49%) or the Lipofectamine (Lipo)-transfected HeLa cells (7.84%) or untransfected HeLa cells (7.33%). Quad,
quadrant; UL, upper left; UR, upper right; LL, lower left; LR, lower right. (C) Western blot analysis shows expression of multimeric 40-kDa Bax protein in the
cystatin E/M-expressing cells and of the monomeric 20-kDa form in the control HeLa cells. (D) Western blot showing cystatin E/M expression in gene-
transfected C33A cells. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (E) An MTT growth assay reveals reduced growth in gene-transfected cells in
comparison to Lipofectamine-treated or CMV-transfected cells. (F) Soft-agar colony formation is also inhibited in cystatin E/M gene-transfected cells in
comparison to the results seen in control cells. (G) A bar graph confirms inhibition of cystatin E/M-mediated soft-agar colony formation of C33A cells.
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companied by reduced expression of cathepsin L (Fig. 1A). An-
nexin assays performed on cells grown for 48 h showed increased
apoptotic cell death in cystatin E/M gene-transfected cells in com-
parison to that seen with plasmid-transfected or Lipofectamine-
transfected or untransfected cells (Fig. 1B). The presence of the
40-kDa multimeric Bax protein in cystatin E/M-expressing cells
confirmed apoptotic cell death in the transfected cells (Fig. 1C).

Growth inhibition of HPV-negative cancer cell line C33A
with exogenous expression of cystatin E/M. We have previously
shown that cystatin E/M protein expression was absent in two
publicly available HPV-negative cervical cancer cell lines, C33A
and HT3, and in 3 of 4 primary cervical tumors (19). Two other
primary tumors contained a methylated promoter of one of the
alleles and a cathepsin L binding site mutation of the other allele.
While C33A cells contained both methylated and unmethylated
promoters, HT3 contained unmethylated promoters, indicating
possible transcription in both the cell lines (19). In the present
investigation, RNA-seq analysis of the two cell lines showed low
but detectable expression in HT3 cells (data not shown). Expres-
sion was barely detectable in C33A cells, pointing to, as in HPV-
positive tumors, inactivation of the cystatin E/M gene in the ma-
jority of HPV-negative cancer cell lines and primary tumors. To
determine whether exogenous cystatin E/M gene expression leads
to growth suppression of HPV-negative cancer cell lines, C33A
cells were investigated after transfection with cystatin E/M or con-
trol CMV plasmids. Western blot analysis pointed to the expres-
sion of cystatin E/M in the gene-transfected cells, and the expres-
sion was proportional to the concentration of plasmid DNA used
(Fig. 1D). There was transfection-related cell death and thus re-
duced growth in the MTT assays performed with CMV-treated
cells in comparison to Lipofectamine-treated cells (Fig. 1E). How-
ever, there was increased growth inhibition in gene-transfected
cells, confirming the suppressive role of the cystatin E/M gene
(Fig. 1E). Furthermore, there were reductions in the size (Fig. 1F)
and number (Fig. 1G) of soft-agar colonies in the gene-transfected
cells, providing additional evidence for the cell growth-inhibitory
function of the cystatin E/M gene in HPV-negative tumor cell
lines.

Growth inhibition with lentivirus-mediated tetracycline-in-
ducible cystatin E/M gene expression. To rule out overexpression
as the reason for growth suppression, we performed studies using
a tetracycline-inducible two-plasmid lentiviral system. Stable
clones (here called CST6 cells) were selected with puromycin and
G418 antibiotic markers and treated with dimethyl sulfoxide
(DMSO) or doxycycline (tetracycline analog) for different time
periods. Cell growth assays showed growth inhibition of induced
cells at both 1.0 and 2.0 �g/ml concentrations of doxycycline (Fig.
2A). Enhanced growth inhibition was seen in cells treated with 2.0
�g/ml of doxycycline. Western blot analysis showed the expres-
sion of both the 14- and 17-kDa cystatin E/M proteins in the cell
extracts (Fig. 2B). To eliminate interference from fetal bovine se-
rum proteins, cell-free supernatants were immunoprecipitated
with cystatin E/M antibody prior to Western blot hybridization
with cystatin E/M. The blots clearly demonstrated the expression
of cystatin E/M in the cell-free supernatants, pointing to active
transport of the protein into the extracellular space (Fig. 2C). As
expected, intracellular cystatin E/M expression was accompa-
nied by reduced expression of cathepsin L, specifically, the mo-
nomeric 28-kDa protein (arrow in Cat L blot in Fig. 2B). For-
mation of the multimeric 40-kDa Bax protein (arrow in Bax

blot in Fig. 2B) was observed in induced cells, and this is in
agreement with the apoptotic cell death seen in plasmid-trans-
fected cells (Fig. 1B).

Non-cell-autonomous growth suppression of HeLa cells
with cell-free supernatant containing cystatin E/M protein. To
determine whether the growth inhibition could occur due to the
secreted cystatin E/M protein, HeLa cells were treated with the
cell-free supernatants collected from plasmid-transfected cells.
Immunofluorescence analysis showed expression of cystatin E/M
in the intra- and extracellular regions, indicating expression and
active transport (Fig. 3A). Western blot studies confirmed the
expression of both the 14- and 17-kDa nonglycosylated and gly-
cosylated forms of the protein (Fig. 3B). The MTT growth assay
pointed to the inhibition of HeLa cell growth in the presence of
cystatin E/M-containing cell-free supernatants (Fig. 3C). There
was no growth inhibition in the cells grown in the presence of
control CMV cell-free supernatants, confirming non-cell-auto
nomous growth inhibition. As shown earlier, annexin assay indi-
cated increased cell death in cells receiving cystatin E/M-contain-
ing supernatant compared to those receiving nonexpressing
supernatants in CMV-transfected or untransfected cells, confirm-

FIG 2 Induced cystatin E/M expression leads to cell growth inhibition. (A)
Induced expression of cystatin E/M with doxycycline results in growth inhibi-
tion of CST6 cells. Slope calculations indicate P � 0.0047 for 1.0 �g/ml dox
versus no dox and P � 0.0004 for 2.0 �g/ml doxycycline versus no doxycycline.
(B) CST6 cells show expression of cystatin E/M that is accompanied with
decreased expression of cathepsin L (arrow above 28 kDa) and the formation
of multimeric Bax protein (arrow above 38 kDa). tet-ind, tetracycline induc-
tion. (C) Immunoprecipitation with mouse anti-cystatin E/M antibody fol-
lowed by Western blotting with biotinylated anti-cystatin E/M antibody shows
cystatin E/M expression in the cell-free supernatants, indicating secretion of
the protein into the medium. Bacterial recombinant cystatin E/M proteins (R
& D Systems, Inc., Minneapolis, MN) (15 and 21 kDa) were used as positive
hybridization controls.
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ing cystatin E/M-mediated growth inhibition through apoptotic
cell death (Fig. 3D).

We then tested the supernatant collected from the inducible
system for the growth-inhibitory effect of cystatin E/M. Since the
expression level would be lower than that seen with plasmid-
transfected cells, we employed Boyden chamber studies for con-
tinuous expression of cystatin E/M in the presence of 2.0 �g/ml of
doxycycline. The top chamber contained HeLa or CST6 cells or
the CMV cells as a source of cystatin E/M, and the bottom cham-
ber contained HeLa cells as test cells. Analysis of the top chamber
cells after 48 h of induction with doxycycline clearly demonstrated
expression of cystatin E/M from the induced CST6 cells (Fig. 4A).
MTT growth assays of cells in the bottom chamber performed at
different time periods showed statistically significant growth inhi-
bition (P � 0.0001) when cells were grown with doxycycline-in-
duced CST6 cells in the top chamber (Fig. 4B). Growth inhibition
was not observed in the control HeLa cells or doxycycline-treated

HeLa/CMV- or DMSO-treated CST6 cells, indicating a clear as-
sociation between growth inhibition and cystatin E/M expression.
Growth inhibition was also studied using a head and neck cancer
cell line and the bottom Boyden chamber. The CST6 cells grown
in the top chamber again showed growth inhibition with the ad-
dition of doxycycline (Fig. 4C). CCL23 cells in the bottom cham-
ber also showed growth inhibition with induction of cystatin E/M
from CST6 cells (Fig. 4D). CCL23 cells grown without induction
did not show growth inhibition, confirming the non-cell-auton-
omous growth-suppressive function of cystatin E/M. Although it
is possible that doxycycline could have diffused through the Boy-
den chamber membrane and inhibited cell growth (antibiotic ef-
fect), the absence of cell growth inhibition with doxycycline-
treated lentiviral control CMV cells in the top chamber (see Fig.
4B) clearly indicated that the growth inhibition was not due to the
antibiotic effect of doxycycline but was instead due to the secre-
tion of cystatin E/M protein from the induced CST6 cells.

FIG 3 Non-cell-autonomous growth inhibition of HeLa cells. (A) Immunofluorescence shows cytoplasmic expression of cystatin E/M in 50% to 60% of cystatin
E/M gene-transfected HeLa cells. (B) Western blot analysis indicates protein expression beyond 12 days in the transfected cells. (C) HeLa cells grown in the
presence of secreted medium (50:50 with MEM) showed statistically significant (P value � 0.0001) growth inhibition in cystatin E/M-expressing supernatants.
Growth inhibition was not seen in cells grown with cell-free supernatants collected from the parental HeLa or CMV-transfected cells. (D) Annexin V-FITC assay
shows enhanced apoptotic cell death in HeLa cells grown in the presence of cystatin E/M-expressing supernatants (59.48%) in comparison to cell death in CMV
(47.20%) or untransfected (2.73%) supernatants.
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Non-cell-autonomous HeLa cell growth inhibition mediated
by cystatin E/M protein secreted by HEKs. To find out whether
growth inhibition could be demonstrated with the physiological
concentration of cystatin E/M protein secreted by nonneoplastic
cells, we used the HPV 16 E6 or E7 or E6 and E7 immortalized
human epidermal keratinocyte (HEK) cell line system. This study
would also resolve the issue of growth inhibition mediated by
doxycycline versus cystatin E/M in the inducible system. While the
normal and E6 immortalized HEK cell lines showed appreciable
levels of cystatin E/M expression, there was reduced expression in
E7 and E6/E7 immortalized HEK cell lines (Fig. 5A). Immunofluo
rescence analysis confirmed reduced expression of cystatin E/M in
HEK/HPV 16 E7 cells in comparison to that seen in HEK/HPV 16
E6 cells (Fig. 5B). While uniform expression was noticed in HEK/
HPV 16 E6 cells, a punctated pattern indicating decreased expres-
sion was seen in HEK/HPV 16 E7 cells. Western blot analysis of
cell-free supernatant samples confirmed secretion of cystatin E/M
in the immortalized HEK cell lines, with reduced expression again
seen in HPV 16 E7-containing HEK cells (Fig. 5C). To determine
the reason behind decreased cystatin E/M expression in HPV 16
E7-containing cells, cotransfections were carried out with HA-
tagged HPV 16 E6 or E7 plasmid and FLAG-tagged cystatin
E/M in the HeLa cells. Hybridization to the FLAG antibody
confirmed the expression of cystatin E/M in the HeLa cells

transfected with the cystatin E/M plasmid or in cotransfection
with HPV 16 E6 or E7 plasmids (Fig. 5D). Cystatin E/M expres-
sion was not observed in HeLa cells transfected with HPV 16 E6
or E7 alone. Immunoprecipitation with HA antibody followed
by Western blot analysis using the FLAG antibody demon-
strated binding of cystatin E/M to the HPV 16 E7 protein but
not to HPV 16 E6, indicating a specific interaction between
HPV 16 E7 and cystatin E/M (Fig. 5E).

To find out whether there was ubiquitination in HPV 16 E7-
containing cells, HeLa cell lysates prepared from HPV 16 E6 or
HPV 16 E7 alone or cotransfected with the cystatin E/M DNA
were immunoprecipitated with the anti-cystatin E/M antibody
and Western blots of the immunoprecipitates were hybridized to
the antiubiquitin antibodies. There was increased hybridization to
higher-molecular-mass bands in HPV 16 E7- and cystatin E/M-
cotransfected cells, pointing to the ubiquitination of cystatin E/M
by HPV 16 E7 (Fig. 5F). Western blot analysis of anti-cystatin E/M
antibody immunoprecipitates of the supernatants collected prior
to inhibitor addition showed the presence of the cystatin E/M
protein in HPV 16 E6-cystatin E/M-cotransfected cells. This pro-
tein was again not visualized in HPV 16 E7-cystatin E/M-cotrans-
fected cells, pointing to the degradation of expression of cystatin
E/M mediated by HPV 16 E7.

To determine whether expression of cystatin E/M in the im-

FIG 4 Non-cell-autonomous growth inhibition of HeLa and CCL23 cells with induced cystatin E/M expression. (A) Induced cystatin E/M expression (in both
the 17-kDa and 14-kDa proteins in the Western blot) was seen in CST6 cells collected from the Boyden system top chamber. (B) Induction of cystatin E/M led
to statistically significant (P � 0.0001) inhibition of growth of HeLa cells grown in the bottom chamber. Growth inhibition was not seen in HeLa cells grown with
HeLa cells or CMV cells in the presence of doxycycline or with CST6 cells in the absence of doxycycline in the top chamber. (C) Statistically significant growth
inhibition (�0.05) of CST6 cells (in the top chamber) was seen when the cells were grown in the presence of doxycycline (2 �g/ml). (D) CCL23 cells grown in
the bottom chamber showed growth inhibition when the cells were grown in the presence of doxycycline-treated CST6 cells (P � 0.05).
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mortalized keratinocytes is related to a lower growth rate, MTT
growth assays were performed. The investigation showed signifi-
cantly reduced growth in the immortalized HEK cells in compar-
ison to the HeLa cells (P value � 0.0001) (Fig. 6A). Further, the
HEK/HPV 16 E6 cells showing higher levels of cystatin E/M ex-
pression grew more slowly than the HEK/HPV 16 E7 cells, dem-
onstrating a direct relationship between the level of cystatin E/M
expression and cell growth inhibition.

To verify whether cystatin E/M protein secreted from the im-
mortalized HEK cells plays a role in cell growth inhibition (i.e.,
non-cell-autonomous growth inhibition), we performed cocul-
ture studies with HeLa cells grown in the presence of HEK/HPV 16
E6 or HEK/HPV 16 E7 cells. The results showed a decrease in
growth of HeLa cells in the presence of HEK/HPV 16 E6 cells with
different HeLa:HEK/HPV 16 E6 cell ratios in comparison to the
growth seen with different HeLa:HEK/HPV 16 E7 cell ratios (Fig.
6B to D). Correlating to the higher expression of cystatin E/M,
statistically significant growth inhibition of HeLa cells was seen
when the cells were grown with HEK/HPV 16 E6 cells in compar-
ison to the results seen with HEK/HPV 16 E7 cells (P value � 0.037
[at a 50:50 ratio]) (Fig. 6C). To further confirm the non-cell-
autonomous growth suppression mediated by secreted cystatin
E/M, Boyden chamber assays were performed with HeLa cells or
the HEK/HPV 16 E6 or HEK/HPV 16 E7 cells in the top chamber.
MTT growth assay of the HeLa cells plated in the bottom chamber
showed statistically significant growth inhibition of HeLa cells un-
der conditions of growth with the HEK/HPV 16 E6 (P value �
0.0001) or HEK/HPV 16 E7 (P value � 0.027) cells in comparison

to that seen with the HeLa cells in the top chamber (Fig. 6E). These
results further demonstrated a growth-inhibitory effect of cystatin
E/M protein present in the secreted medium of the immortalized
HEK cells. Enhanced growth suppression in the presence of HPV
16 E6 immortalized HEKs expressing and secreting higher levels
of cystatin E/M pointed to a direct relationship between the level
of cystatin E/M expression and tumor cell growth inhibition.

Doxycycline treatment leads to cystatin E/M expression and
minimal change in the expression of other proteins. As a step
toward understanding the molecular mechanism of tumor cell
growth suppression, we determined the effect of doxycycline in
the parental HeLa cells versus the CST6 cells. There was statisti-
cally significant (P � 0.0477) growth inhibition in CST6 cells
compared to HeLa cells at a 2 �g/ml concentration of doxycycline,
pointing to an additional growth-inhibitory effect of the cystatin
E/M protein produced and secreted in doxycycline-treated CST6
cells (Fig. 7A and B). Both cell lines showed �75% growth inhi-
bition in 4 days with 4 �g/ml doxycycline treatment, indicating
drug-induced toxicity at higher concentrations. Thus, we re-
stricted our molecular mechanistic studies to treatments using 2
�g/ml doxycycline.

Of the 20,000 genes analyzed from the RNA-seq data of paren-
tal and doxycycline-treated cell lines (HeLa versus HeLa dox and
CST6 versus CST6 dox), differential expression levels were seen
for only a few after doxycycline treatment (Fig. 7C). Although
doxycycline-treated HeLa cells showed 50%-decreased expression
of CDH1 (e-cadherin) and CDH2 (n-cadherin) genes, expression
levels were low in the untreated HeLa cells, indicating that these

FIG 5 Reduced expression of cystatin E/M in HPV 16 E7 immortalized HEK cells. (A) Western blot analysis reveals expression of cystatin E/M in normal human
epidermal keratinocytes (HEK cells) and HEK cells immortalized with the HPV 16 E6 gene or E7 gene or with the E6 gene plus the E7 gene. However, reduced
expression was seen in the HEK/HPV 16 E7 cell line in comparison to the normal cell line or the HEK/HPV 16 E6 cell line. (B) Immunofluorescence staining
confirms reduced expression in HEK/HPV 16 E7 cells (�100 magnification). The inset for a single cell shows uniform expression in HEK/HPV 16 E6 cells and
reduced punctuated staining in HEK/HPV 16 E7 cells. (C) Western blot analysis of the supernatants (100 �l) again shows cystatin E/M expression in the
immortalized HEK cells with reduced expression in HEK/HPV 16 E7cells. (D) Hybridization with the FLAG antibody shows cystatin E/M expression in the HeLa
cells transfected with the FLAG tag cystatin E/M plasmid. Expression was not seen in HeLa cells transfected with the E6 gene or the E7 gene alone. (E)
Hybridization of HA (HPV 16 E6 or E7 gene tag)-immunoprecipitated samples with the FLAG (cystatin E/M tag) antibody shows the presence of cystatin E/M
protein in cells cotransfected with the HPV 16 E7 gene, pointing to an interaction between HPV 16 E7 and cystatin E/M proteins. (F) Hybridization of
anti-cystatin E/M antibody-immunoprecipitated lysates with the antiubiquitin (Ubq) antibody shows higher-intensity hybridization of high-molecular-mass
proteins in HPV 16 E7- and cystatin E/M-cotransfected HeLa cells, indicating cystatin E/M degradation by HPV 16 E7. This interpretation is also supported by
the absence of a visible cystatin E/M band in the cell-free supernatants of HPV 16 E7- and cystatin E/M-cotransfected cells. �-Tubulin and GAPDH (glyceral-
dehyde-3-phosphate dehydrogenase) were used as the input controls.
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differences may not be significant. CST6 cells had higher differen-
tial levels of expression of several genes than HeLa cells in the basal
state, reflecting genetic changes induced by the lentiviral vector
system. However, the differential expression of CST6 and doxycy-
cline-treated CST6 cells was restricted to increased expression of
cystatin E/M and GALNT16 (polypeptide N-acetylgalactosami-
nyltransferase 16, an enzyme involved in protein glycosylation)
and decreased expression of c-Jun and CTSL (cathepsin L). Al-
though expression of a few other genes was also affected after
doxycycline treatment, basal expression levels in the untreated
CST6 cells were low, indicating that the differences were most
likely nonsignificant. These results therefore indicated that the
major difference in the gene expression patterns of doxycycline-
treated HeLa versus CST6 cells was primarily limited to increased
expression of cystatin E/M, confirming a direct relationship be-
tween cystatin E/M expression and growth inhibition in doxycy-
cline-treated CST6 cells.

To identify the effect on cytokines and growth factors associ-
ated with cell growth inhibition at the protein level, the cell lysates
and cell-free supernatants were analyzed using the Human
9-plex Electrochemiluminescent Multi-Spot enzyme-linked im-
munosorbent assay (ELISA) system in the Meso Scale discovery

platform (38). Statistically significant (P � 0.05) inhibition was
seen in the expression of IL-10 and of matrix metalloproteinases
MMP-1 and -10, again confirming minimal expression changes
induced by doxycycline treatment of CST6 cells (Fig. 7D).

Cystatin E/M expression correlates to the inhibition of the
canonical NF-�B signaling pathway. Apoptotic cell death and
formation of multimeric Bax protein (Fig. 1C and 2B) and inhib-
itory effects on MMPs (Fig. 7D) in cells with induced expression of
cystatin E/M suggested that cystatin E/M was targeting the tran-
scription factor NF-�B. To verify this hypothesis, we determined
the expression of NF-�B and p16, the tumor suppressor protein
that we have previously shown to be associated with NF-�B ubiq-
uitination, in doxycycline-treated CST6 cells. We found expres-
sion levels of both NF-�B and p16 to be increased after doxy-
cycline treatment (Fig. 8A). Cytoplasmic and nuclear fractions
isolated and verified using MEK and histone H3 markers
showed higher cytoplasmic retention of NF-�B in doxycycline-
treated CST6 cells (Fig. 8B and C). Additionally, we observed
decreased expression of phospho-I�B� in the cell lysate and in
the cytoplasmic fraction of doxycycline-treated CST6 cells, in-
dicating inhibition of I�B� phosphorylation by cystatin E/M
(Fig. 8D).

FIG 6 Inhibition of HeLa cell growth by HEK/HPV 16 E6 and HEK/HPV 16 E7 keratinocytes. (A) Both the HEK/HPV 16 E6 cells and HEK/HPV 16 E7 cells
expressing cystatin E/M grew more slowly than the nonexpressing HeLa cells (P value � 0.0001). (B to D) Coculture studies show inhibition of HeLa cell growth
in the presence of HEK/HPV 16 E6 or HEK/HPV 16 E7 keratinocytes. Statistically significant growth inhibition is seen for HeLa:HEK/HPV 16 E6 cells in
comparison to HeLa:HEK/HPV 16 E7 cells (P value � 0.037). (E) Boyden chamber assay showed statistically significant HeLa cell growth inhibition with
HEK/HPV 16 E6 or HEK/HPV 16 E7 keratinocytes (P value for HEK/HPV 16 E6 versus HeLa cells, �0.0001; P value for HEK/HPV 16 E7 versus HeLa cells,
�0.027). Statistically significant (P value � 0.05) growth inhibition was also seen with HEK/HPV 16 E6 cells in comparison to that seen with HEK/HPV 16 E7
cells, again indicating a direct relationship between cystatin E/M expression and cell growth inhibition.
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To determine whether decreased phospho-I�B� expression
was associated with increased expression of I�B�, control and
doxycycline-treated HeLa and CST6 cells were analyzed. The
Western blot studies did not reveal an appreciable difference in
the levels of expression of I�B� in the untreated and doxycycline-
treated HeLa cells (Fig. 9A). However, there was increased I�B�
expression in doxycycline-treated CST6 cells in comparison to the
untreated control CST6 cells (Fig. 9A). Higher I�B� expression
was also associated with decreased phospho-I�B� expression,
confirming the inhibitory effect of doxycycline on the phosphor-
ylation of I�B� in CST6 cells.

Tumor necrosis factor alpha (TNF-�) is a known inducer of
NF-�B activity through the activation of the IKK complex for the
phosphorylation and ubiquitination of I�B�, the inhibitor pro-
tein of NF-�B. We therefore treated HeLa and CST6 cells with
TNF-� for 5 min in the presence or absence of doxycycline for 48
h. Treatment with TNF-� alone increased the expression of phos-
pho-I�B� in both cell lines in comparison to that seen in the
untreated control cell lines (Fig. 9A). Addition of TNF-� to doxy-
cycline-treated HeLa cells did not affect the expression of phos-
pho-I�B�. However, phosphorylation of I�B� was reduced in
doxycycline-treated CST6 cells, pointing to a cystatin E/M-medi-
ated inhibitory effect on the TNF receptor signaling pathway. To
confirm this phenomenon, we studied the activation of the up-
stream protein IKK� in the presence and absence of doxycycline.
While there was high expression of IKK�, phosphorylation of this
protein was undetectable at the basal level in both the HeLa and

CST6 cell lines (data for CST6 cells are shown in Fig. 9B). Treat-
ment with TNF-�-induced phosphorylation of IKK� in CST6
cells and doxycycline treatment for 48 h followed by TNF-� treat-
ment showed reduced phospho-IKK� expression, clearly indicat-
ing that cystatin E/M inhibits TNF receptor-mediated signaling to
NF-�B.

Commercially available phospho-IKK� antibodies hybridize
to both phospho-IKK� and IKK�, raising the possibility that
IKK� phosphorylation would also be inhibited. While IKK�/
IKK� dimerization is observed in the IKK complex of the canon-
ical NF-�B pathway, IKK� homodimerization is seen in the
noncanonical pathway. Therefore, to determine whether the non-
canonical NF-�B signaling pathway was inhibited, we investigated
the effect of cystatin E/M on the expression of p52, the active form
of the NF-�B2, from its precursor protein, p100. There was high
endogenous expression of p100 and p52 in CST6 cells, and the
expression was not inhibited with doxycycline-induced expres-
sion of cystatin E/M (Fig. 9C). We therefore studied the effect on
exogenously activated p52 using myc-tag p100 and FLAG tag NIK
cotransfected into HEK 293T cells. While inhibition of p52 ex-
pression was observed with exogenous expression of cIAP1/2, a
known inhibitor of the NF-�B2 pathway, inhibition was not ob-
served with expression of cystatin E/M in the cotransfected cells.
These results clearly indicated that cystatin E/M inhibits IKK�
phosphorylation of the canonical NF-�B signaling pathway and
not IKK� phosphorylation of the noncanonical NF-�B signaling
pathway (Fig. 9D).

FIG 7 Minimal expression changes in doxycycline-treated HeLa or CST6 cells. (A) Enhanced growth inhibition is seen in CST6 cells treated with doxycycline (2
�g/ml) in comparison to doxycycline-treated HeLa cells (P � 0.0477). Treatment with 4 �g/ml doxycycline led to �80% cell death in both cell lines, pointing
to antibiotic-induced toxicity. wrt, with respect to. (B) Western blot analysis of cell supernatants showing cystatin E/M expression in doxycycline-treated CST6
cells. (C) Representative RNA expression profile showing that differential expression changes in doxycycline-treated CST6 cells were limited to increased
expression of cystatin E/M (150-fold) and GALNT16 (2.5-fold) and decreased expression of Jun (50%) and CTSL (10%). Due to low basal levels, differential levels
of expression in doxycycline-treated HeLa cells may not be significant. (D) Multiplex growth factor assays showing statistically significant (P � 0.05) reduced
expression of IL-10 and MMP-10 in doxycycline-treated CST6 cells and MMP-1 and MMP-10 in doxycycline-treated CST6 cell supernatants (Sup).
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Growth inhibition of in vivo CST6 mouse xenograft tumors
with induced cystatin E/M expression. To determine whether
growth of mouse xenograft tumors could be inhibited by induced
cystatin E/M expression, CST6 cells were injected subcutaneously
into 5-week-old NOD/SCID IL2R� null mice for tumor forma-
tion. Once small tumors were visible (7 days), mice received 5%
sucrose water (control group— 8 mice) or 5% sucrose water con-
taining doxycycline (2 mg/ml) (experimental group—12 mice).
Tumor volumes were measured weekly, and the tumors were ex-
cised when the size reached the animal protocol-approved limit.
The investigation showed statistically significant (P � 0.0047) in-
hibition of tumor cell growth in the doxycycline-treated mice in
comparison to the results seen with the control mice (Fig. 10A).
Reflecting tumor growth inhibition, a significant decrease in the
size of the tumors excised from the experimental group was seen
(three each of representative control and experimental-group tu-
mors are shown in Fig. 10B). To demonstrate that the growth
inhibition was associated with the expression of cystatin E/M, tu-
mor cells were sonicated in a lysis buffer containing protease in-
hibitors. Due to blood cell contamination in the tumors, direct
Western blotting could not be carried out. However, blotting
analysis of cystatin E/M immunoprecipitated proteins showed ex-
pression of cystatin E/M in the doxycycline-treated tumors (Fig.
10C). Hybridization with the control actin probe indicated the
presence of comparable levels in the control and the experimental
tumor lysates, indicating a direct correlation between the expres-
sion of cystatin E/M and tumor cell growth inhibition.

Inverse relationship between cystatin E/M expression and
cathepsin L expression in normal cervix tissue. To verify the in-
verse relationship of the levels of expression of cystatin E/M (in-

hibitor) and cathepsin L (substrate) in normal human tissues,
immunohistochemical (IHC) analysis was performed on normal
cervix tissue, CIN (carcinoma in situ; also known as cervical intra-
neoplasia) tissue, and primary cervical tumors. The IHC studies
performed on normal skin, sebaceous glands, and cervix and en-
docervix (EN) tissues showed expression of cystatin E/M in the
cytoplasm and in the perinuclear region (Fig. 11A to D). Nuclear
expression was also seen in some areas of the tissue sections. While
normal epithelial cells did not show expression of cathepsin L,
expression was observed in endocervical glands near the secreting
lumens (Fig. 11E and F). Thus, an inverse relationship of the levels
of expression of cystatin E/M and cathepsin L was observed in
normal cervical tissues.

Loss of cystatin E/M expression in primary cervical tumors.
To verify whether loss of cystatin E/M expression was related to
tumor development, preneoplastic CIN specimens and primary
cervical tumors were analyzed. IHC investigation of CIN speci-
mens (1 CIN I sample and 27 CIN III samples) showed cystatin
E/M expression in all 28 samples. Expression was seen in both the
epithelium and endocervix (Fig. 11G; the arrow points to the en-
docervix). Cathepsin L expression was seen in secretory granules
of endocervix (see expression in the EN space indicated in Fig.
11H). The epithelium and endocervix did not express cathepsin L,
and the endocervical secretory granules did not express cystatin
E/M, indicating an inverse relationship between cystatin E/M and
cathepsin L in the CIN specimens such as was seen in the normal
cervix tissue.

Analysis of 33 primary cervical tumors showed the loss of or
reduced (5% to 10% of cells with 1
 intensity) expression of
cystatin E/M in 26 tumors. Seven tumors had positive cystatin

FIG 8 Induced cystatin E/M expression leads to cytoplasmic retention of NF-�B. (A) Western blot analysis shows increased expression of NF-�B and p16 in
doxycycline-treated CST6 cells. (B) Cell fractionation shows hybridization of MEK primarily to the cytoplasmic fraction and histone H3 primarily to the nuclear
fraction. (C) Analysis of the cellular fractions showing increased cytoplasmic (Cyt) expression of NF-�B but not p16 in comparison to the control cytoplasmic
protein MEK in doxycycline-treated CST6 cells. Nuc, nucleus. (D) Expression of phospho-I�B� visualized in total cell lysate and the cytoplasmic fraction of CST6
cells; the expression was reduced after doxycycline treatment.
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FIG 9 Inhibition of canonical NF-�B signaling pathway by cystatin E/M protein. (A) Basal expression of nonphosphorylated I�B� was seen in HeLa cells and
was not altered after doxycycline treatment. However, I�B� expression increased in CST6 cells after doxycycline treatment, correlating to decreased phosphor-
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E/M expression (higher percentage of cells with 2
 intensity) that
was previously reported by our group to represent cathepsin L
binding site mutations. Loss of cystatin E/M expression in the
tumors (representative data are shown for tumor 55 in Fig. 12A)
was accompanied by overexpression of cathepsin L. Expression of
cathepsin L was also seen in cystatin E/M-expressing tumors that
contained binding site mutations (data are shown for tumor 59
containing a cathepsin L binding site M34T cystatin E/M gene
mutation in Fig. 12A).

Two-sample Wilcoxon rank sum (Mann-Whitney) test results
showed a statistically significant (P value � 0.0003) difference in
the percentages of reactivity of cystatin E/M in CIN specimens
versus primary tumors (Fig. 12B). Statistical significance (P
value � 0.003) was also observed for results of comparisons of the
joint score of reactivity � intensity of cystatin E/M in CIN speci-
mens versus the tumors. Statistical significance (P value � 0.04)

was also observed for results of comparisons of the joint reactivity
� intensity of cathepsin L expression in the stroma of CIN speci-
mens versus the primary tumors. In this case, the levels of expres-
sion of cathepsin L in the stroma of CIN specimens were lower
than those observed in the stroma of tumors. Thus, the results
indicated that loss of cystatin E/M expression was accompanied by
enhanced cathepsin L expression during the development of CIN
specimens to invasive cervical tumors.

Overexpression of nuclear NF-�B in primary cervical tu-
mors. To determine whether the inhibitory effect of cystatin E/M
on NF-�B observed in the in vitro studies could be related to cy-
toplasmic localization of transcription factors in the normal and
CIN tissues and nuclear localization in primary tumors, IHC anal-
ysis was performed. While the normal cervix and CIN specimens
(five of each examined) showed cytoplasmic expression of NF-�B
(p65; rel A protein), nuclear expression of NF-�B was seen in all

ylation of I�B�. Treatment with TNF-� enhanced phospho-I�B� expression in both the HeLa and CST6 cell lines, and the expression was not altered in HeLa
cells after doxycycline treatment. On the other hand, treatment with doxycycline led to reduced expression of phospho-I�B� in CST6 cells. (B) The basal IKK�
expression level was high in the control CST6 cells, phospho-IKK� expression was visualized only with the addition of TNF-�, and the expression was reduced
in doxycycline-treated cells. (C) Induced cystatin E/M expression did not inhibit endogenous activation of p100 (NF-�B2) to produce p52 in CST6 cells. In HEK
293T cells, exogenous NIK expression led to activation of myc-tag p100 to produce myc-p52. While this activation was inhibited by cIAP1/2 expression,
inhibition was not observed with the expression of cystatin E/M. (D) Mechanistic representation showing inhibition of the IKK�-mediated canonical and not the
NIK-mediated noncanonical NF-�B signaling pathway by cystatin E/M. TNFR, tumor necrosis factor receptor; TNFSFR, tumor necrosis factor superfamily
receptor.

FIG 10 Xenograft tumor growth inhibition of CST6 cells with induced cystatin E/M expression. (A) The experimental group (n � 12) receiving doxycycline
water showed tumor growth reduction in comparison to the control group (n � 8) (P value � 0.0047). (B) Representative photographs confirm decreased tumor
growth in the experimental animals. (C) Immunoprecipitated proteins showing expression of cystatin E/M in doxycycline-treated animals correlating with
tumor growth suppression. �-Actin was used as the positive hybridization for the input control.
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the 20 primary tumors (Fig. 12C). These results therefore pointed
to a strong association between the loss of cystatin E/M expression
and nuclear expression of NF-�B in the primary cervical tumors.

DISCUSSION

Numerous studies have shown inactivation of the cystatin E/M
gene in human tumors (16–23). However, all the functional stud-
ies relied on the exogenous expression of cystatin E/M using plas-
mid constructs. As such, there could be potential phenotypic
changes that could affect the validity of conclusions based on anal-
ysis of plasmid-transfected cells. In the present investigation, three
model systems were utilized, namely, transient exogenous trans-
fection of the cystatin E/M gene, a tetracycline-inducible lentiviral
system, and HPV 16 E6, HPV 16 E7, or HPV 16 E6 and E7 immor-
talized human epidermal keratinocytes, the tissue of origin for
cervical cancer. In contrast to analyses of exogenous expression,
the inducible system allows the same cells to be compared with
and without the addition of doxycycline. The parental HeLa cells
were also studied with and without doxycycline treatment as con-
trols for the effect of doxycycline on growth suppression. Simi-
larly, in comparison to nonphysiological expression of cystatin
E/M in mouse xenograft tumors of plasmid-transfected cell lines,
the cells containing the inducible vector system are more suitable
to test cystatin E/M-mediated tumor growth suppression. We
have further used HPV 16 E6- and E7-transfected normal human
epidermal keratinocytes to demonstrate intracellular and non-
cell-autonomous growth-inhibitory properties of cystatin E/M.
We have presented evidence that growth inhibition is related to
apoptosis and cytoplasmic retention and therefore to inactivation
of NF-�B.

The extracellular matrix (ECM) plays a significant role in cell
growth and migration, as a number of growth-signaling inputs,
including Wnt, Notch, and hormone and integrin signaling, em-
anate from the cytokines and growth factors secreted into the
ECM (43, 44). The matrix metalloproteinases (MMPs) are also
integral components of the signaling process in normal cell mi-
gration and tumor cell invasion and metastasis. Further, tumors
with metastatic potential themselves secrete cytokines and growth
factors for cancer cell self-renewal, as proposed for the self-re-
newal of cancer stem cells (CSCs) (45, 46). For example, fibro-
blasts from normal mammary tissues do not support growth of
slowly growing tumor cell lines; however, fibroblasts from a breast
cancer would support faster growth of the same tumor cell line,
indicating the production of growth factors by breast cancer fibro-
blasts (47)

Cancer cells whose growth has been inhibited by chemothera-
py-radiation therapy secrete cytokines and chemokines, resulting
in a paracrine effect on the neighboring tumor cells (48). The
growth signaling then leads to the development of chemotherapy-
and radiation-resistant cancer stem cells. For example, IL-6 acti-
vates the JAK/STAT pathway and IL-8 activates the AKT pathway.
Both cytokines could also activate the NF-�B pathway, which in
turn could activate the production of cytokines and growth fac-
tors. Thus, there is a feedback loop between cytokines and growth
factors and transcription factors leading to aggressive cancer cell
growth. Inhibition of this loop through the inhibition of growth
factors is required for the control of cancer cell growth. In addi-
tion to its inhibitory role with respect to cathepsin L, our studies
show that cystatin E/M inhibits expression of growth factors me-
diated by the cytoplasmic retention of NF-�B, which could be

FIG 11 Cystatin E/M expression in normal skin, normal cervix, and CIN tissues. (A and B) Pictures were taken of skin from a healthy subject (C and D)
Photomicrographs were taken of a healthy cervix with epithelium (C) and endocervical gland (D). Panels A to D all show expression of cystatin E/M. Expression
in perinuclear localizations is shown by arrows. (E) Normal epithelial cells do not show expression of cathepsin L. (F) Cathepsin L expression is seen in
endocervical glands as a fine granular cytoplasmic reaction concentrated near secretory lumens (arrow); none of the results showed nuclear presentation. (G)
Cystatin E/M is expressed in epithelial cells (EP) and in endocervix (EN) (arrow) in CIN tissue. (H) Cathepsin L expression is seen in secretory granules of
endocervix (EN). Neither the epithelium nor the endocervix showed cathepsin L expression. All photographs were obtained with a 60� oil objective lens.
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related to the cathepsin L- and legumain-independent inhibitory
function of cystatin E/M correlating to tumor cell growth inhibi-
tion.

Doxycycline treatment has been shown to inhibit hepatic tu-
mor cell growth through inhibition of epithelial-to-mesenchymal
transition (EMT) and by enhanced expression of E-cadherin and
reduced expression of N-cadherin, vimentin, twist, and snail (49).
Since our studies show that there is �75% HeLa cell growth inhi-
bition with 4 �g/ml of doxycycline treatment, the results seen with
the higher doxycycline concentrations (5 and 10 �g/ml) used by
Meng et al. (49) suggest a possible doxycycline-induced toxic ef-
fect on hepatic tumor cells. Our RNA-seq data from the parental
HeLa cells have further indicated very low expression of cadherins
and MMPs and only modestly decreased expression in doxycy-
cline-treated cells (data not shown). Additionally, we did not see
reduced expression of the mesenchymal markers vimentin, twist,
and snail in doxycycline-treated HeLa cells, pointing to the ab-
sence of EMT transformation in our cell system. Among the
20,000 genes analyzed using the RNA-seq data, we observed ele-

vated expression of cystatin E/M (150-fold) and GALNT16 (2.5-
fold) and reduced expression of c-Jun (50%) in doxycycline-
treated CST6 cells as the only significant changes, underscoring
the utility of our inducible system in the investigation of the mo-
lecular mechanism of tumor cell growth inhibition.

We have demonstrated a growth-suppressive effect with se-
creted proteins of immortalized human epidermal keratinocytes,
which are precursor cells of cervical cancer. Although slower
growth in comparison to that of the HeLa cells was seen in both
HEK/HPV 16 E6 and HEK/HPV 16 E7 immortalized cells, the
HEK/HPV 16 E6 cells with higher expression of cystatin E/M grew
more slowly than the HEK/HPV 16 E7 immortalized cells. Fur-
ther, coculture and Boyden chamber studies confirmed reduced
growth of HeLa cells with HEK/HPV 16 E6 cells in comparison
to growth with HEK/HPV 16 E7 cells, pointing to an enhanced
growth-inhibitory effect mediated by the increased expression of
cystatin E/M protein in HEK/HPV 16 E6 cells. We have also
shown that the reduced cystatin E/M expression in HEK/HPV 16
E7 cells is related to the interaction between E7 and cystatin E/M

FIG 12 Loss of cystatin E/M expression in primary cervical tumors and inverse relationship to nuclear NF-�B expression. (A) Composite pictures of tumors 55
and 59 with cystatin E/M and cathepsin L immunohistochemical stains show minimal or no expression of cystatin E/M but high expression of cathepsin L in
tumor 55 (�40 magnification). High expression of cystatin E/M is seen in the superficial epithelium with CIN III pathology (inset) but not in the invasive tumor
(T). The �40 images of the tumor show cathepsin L expression extending into the interstitial tissues. Tumor 59, containing a cathepsin L binding site mutation,
showed high nuclear expression of cystatin E/M, but expression of cathepsin L was also seen in the invasive cancerous cells. (B) Box plot representation of cystatin
E/M and cathepsin L expression in 28 CIN specimens versus 33 primary tumors showing statistically significant decrease in the percentage of cells expressing
cystatin E/M (P value � 0.0003), a joint score of percent reactivity � intensity of cystatin E/M (P value � 0.003), and an increase in the joint score of percent
reactivity � intensity of cathepsin L expression (P value � 0.04) in primary tumors. (C) Normal endocervix tissue and a CIN III specimen showing cytoplasmic
NF-�B expression. Occasional nuclear staining is seen in these cells. Invasive primary tumors contained increased nuclear NF-�B expression.
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proteins. Our results therefore suggest that cystatin E/M is one of
the targets of oncogenic HPV.

Vast literature is available on the inactivation of tumor sup-
pressor genes in the development of human tumors. However,
gene therapeutic interventions are highly difficult due to develop-
ment of somatic mutations over time in gene-transfected cells.
Thus, it will be beneficial to approach cell growth inhibition
through the use of non-cell-autonomous growth inhibitors. Our
results indicate that we could induce cystatin E/M expression
from CST6 cells and test its growth-inhibitory activity in animal
metastatic tumor model systems. Other proteins with non-cell-
autonomous growth-inhibitory properties include STAT and
SMAD-4, which acts through TGF-� signaling pathways (50, 51).
Thus, there may be avenues for combined therapeutic studies per-
formed with cystatin E/M, STAT, and SMAD-4 proteins, for the
control of cancer cell growth in in vitro and in vivo animal model
systems.
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