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Abstract: Asparagine-linked protein glycosylation is a hallmark for glycoprotein structure
and function. Its impairment by tunicamycin [a competitive inhibitor of N-acetylglucos -
aminyl 1-phosphate transferase (GPT)] has been known to inhibit neo-vascularization (i.e.,
angiogenesis) in humanized breast tumor due to an induction of endoplasmic reticulum (ER)
stress-mediated unfolded protein response (UPR). The studies presented here demonstrate
that (i) tunicamycin inhibits capillary endothelial cell proliferation in a dose-dependent man-
ner; (ii) treated cells are incapable of forming colonies upon its withdrawal; and (iii) tuni-
camycin treatment causes nuclear fragmentation. Tunicamycin-induced ER stress-mediated
UPR event in these cells was studied with the aid of Raman spectroscopy, in particular, the
interpretation of bands at 1672, 1684, and 1694 cm–1, which are characteristics of proteins
and originate from C=O stretching vibrations of mono-substituted amides. In tunicamycin-
treated cells, these bands decreased in area as follows: at 1672 cm–1 by 41.85 % at 3 h and
55.39 % at 12 h; at 1684 cm–1 by 20.63 % at 3 h and 40.08 % at 12 h; and also at 1994 cm–1

by 33.33 % at 3 h and 32.92 % at 12 h, respectively. Thus, in the presence of tunicamycin,
newly synthesized protein chains fail to arrange properly into their final secondary and/or ter-
tiary structures, and the random coils they form had undergone further degradation.
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INTRODUCTION

Glycans are modifications of proteins (glycoproteins and proteoglycans) or lipids (glycosphingolipids)
and form the core structure of the glycophosphatidylinositol (GPI) anchors responsible for anchoring
proteins to the membrane [1,2]. The roles of glycans are diverse. They contribute to the folding and con-
formational stability of many proteins [3–5], mediate host–pathogen interactions and aspects of innate
immunity [6–9], and serve as ligands for glycan-binding proteins that mediate cell trafficking, cell adhe-
sion, and cell signaling [10–15]. 

The biosynthetic enzymes responsible for synthesizing the core regions of N- and O-linked
oligosaccharides are ubiquitously expressed, whereas glycosyltransferases that elaborate terminal struc-
tures are expressed in a highly tissue-specific manner, accounting for tissue- and ultimately cell-type-
specific glycosylation. Aberrant glycosylation occurs in essentially all types of experimental and human
cancers, and many glycosyl epitopes constitute tumor-associated antigens [16]. A long-standing debate
has been whether aberrant glycosylation is a result or a cause of cancer. Many recent studies indicate
that some, if not all, aberrant glycosylation is a result of initial oncogenic transformation, as well as a
key event in induction of invasion and metastasis. High expression of some glycosyl epitopes promotes
invasion and metastasis, leading to shorter 5–10 year survival rates of patients. By contrast, expression
of some other glycosyl epitopes suppresses tumor progression, leading to higher postoperative survival
rates [17,18]. The former category of epitopes include β6GlcNAc branching in N-linked (asparagine-
linked) structure; sialyl-Tn in O-linked (serine/threonine-linked) structure; sialyl-Lex, sialyl-Lea, and
Ley in either N-, O-, or lipid-linked structure; GM2, GD3, and sialyl-Gb5 in lipid-linked structure. The
latter category includes β4GlcNAc competitive with β6GlcNAc; histo-blood group A and B competi-
tive with sialylated structures including sialyl-Lex and sialyl-Lea; Gb5 competitive with sialyl-Gb5. The
expression mechanism of these glycosyl epitopes in terms of status of respective glycosyltransferase
genes has been extensively studied [19,20]. 

About one-third of newly synthesized proteins translocate to the lumen of the endoplasmic retic-
ulum (ER) where they are post-translationally modified and folded into correct 3D structures before
being targeted to various cellular organelles or transported to the surface of the cell. One of these post-
translational modifications includes glycosylation of the asparagine residue (N-linked) when present in
a tripeptide sequence Asn-X-Ser/Thr. Physiological states that increase the demand for protein folding,
or stimuli that disrupt the reactions by which proteins fold, create an imbalance between the protein-
folding load and the capacity of the ER, causing unfolded or misfolded proteins to accumulate in the
ER lumen—a condition referred to as “ER stress”. To ensure the fidelity of protein folding and to pre-
vent ER stress, eukaryotic cells have evolved a set of intracellular pathways that signal the presence of
cellular stress called unfolded protein response (UPR), which alters the ability of cells transcriptional
and translational programs to cope with stressful conditions and to resolve the protein-folding defect
[21,22].

Angiogenesis (i.e., proliferation and differentiation of capillary endothelial cells) is essential for
breast and other solid tumor progression and metastasis. Asparagine-linked glycoproteins have been
found to play an important role in capillary endothelial cell proliferation and differentiation [23,24].
Furthermore, “hybrid”- but not “complex”-type glycans are required for capillary tube formation
[25–27]. One of our objectives has been to target the cellular machinery for protein N-glycosylation and
develop anti-angiogenic glycotherapeutic(s) to treat breast cancer. Using a glucosamine-containing
pyrimidine nucleoside tunicamycin, we have recently shown that the process of neo-vascularization is
irreversible by exogenous addition of vascular endothelial growth factor-165 (VEGF165), and down-
regulation of phosphotyrosine kinase activity correlates well with reduced phosphorylation of VEGFR1
and VEGFR2 receptors. In vivo experiments indicate tunicamycin inhibits neo-vascularization in
Matrigel™ implant in Balb/c (nu/nu) mice and reduces a double- and triple-negative breast tumor pro-
gression by ~55 to 65 % of humanized breast tumors in orthotopic and/or xenograft models in nude
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mice [28]. The molecular mechanisms indicate development of ER stress in tunicamycin-treated tumor
microvasculature causing UPR-mediated apoptotic death [28]. 

To study the intracellular proteins status under ER stress, we have used Raman spectroscopy since
it characterizes normal and distorted proteins and can monitor cell death in vitro [29–32]. The decrease
of characteristic Raman bands in tunicamycin-treated cells indicates failure of newly synthesized pro-
teins to arrange into their secondary and/or tertiary structures. 

MATERIALS AND METHODS

Materials

Hydroxyurea, dimethylsulfoxide, nystatin, ethidium bromide, and tunicamycin were obtained from
Sigma Aldrich (St. Louis, MO). Mouse monoclonal antibody for actin was from BD-Bioscience (San
Diego, CA). Rabbit polyclonal antibody for GRP-78 was from Santa Cruz Biotechnology (Santa Cruz,
CA). HRP-conjugated goat anti-rabbit IgG/anti-mouse IgG, streptavidin, ECL chemiluminescence
detection kit were from GE Healthcare (Piscataway, NJ). TRIzol was from Invitrogen Life Technologies
(Carlsbad, CA). All cell culture wares were from Sarstedt (Newton, NC) and the fetal bovine serum was
purchased from HyClone Laboratories (Logan, UT). All other chemicals and solvents used were of the
highest purity available. 

Cell line

The capillary endothelial cells were from the laboratory stock of a non-transformed capillary endo -
thelial cell line from bovine adrenal medulla [33]. 

Culturing of capillary endothelial cells and treating with tunicamycin

Capillary endothelial cells were maintained and synchronized as previously described [33,34].
Tunicamycin (1 μg/ml) was added in Eagle’s minimum essential medium with Earle’s salts (EMEM)
containing 2 % (v/v) fetal bovine serum (heat-inactivated) for 0–32 h. The cells were cultured at 37 °C
in a humidified incubator containing 95 % air and 5 % CO2.

MTT assay for cell proliferation 

Cells were suspended in complete EMEM containing 10 % fetal bovine serum. 1.6 × 104 cells in 200 μl
were plated in 96 well plates. After culturing for 24 h, the cells were synchronized and treated with tuni-
camycin (1 μg/ml) as described before [34]. At an interval of 24 h, media were removed and the cells
were washed three times with phosphate-buffered saline (PBS), pH 7.2. MTT (2 mg/ml) was added in
each well, and the cells were incubated for 4 h at 37 °C. At the end of incubation, MTT was removed
and 200 μl 10 % dimethyl sulfoxide (DMSO) was added. After 10 min, the plates were read at 550 nm
in EIA plate reader (Bio-Rad). 

Qualitative and quantitative monitoring of apoptosis

Apoptotic changes were quantified by Hoechst 33258 (Molecular Probes) staining of nuclei. Cells were
cultured, synchronized, and treated with tunicamycin (1 μg/ml) as mentioned above. At the end of the
treatment, the cells were harvested by trypsinizaton, fixed with 4 % (v/v) formaldehyde in PBS, pH 7.2
for 15 min [36], washed, resuspended in 70 % (v/v) ethanol and stored at –20 °C until use. Cells were
washed twice again in PBS, pH 7.2, and stained with 50 μl of Hoechst 33528 (10 μg/ml in PBS,
pH 7.2). Following 15 min incubation at room temperature, 15 μl aliquot was placed on a glass slide,
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and 500 stained nuclei were counted under a fluorescence microscope (Zeiss AXIO). Each experiment
was repeated three times, and in each experimental condition, more than 1000 single cells were scored
for apoptosis. 

Single-cell clonogenic assay

Capillary endothelial cells (2 × 106 cells) were seeded in 75 cm2 flasks and cultured for 24 h at 37 °C
in a humidified incubator in the presence of 95 % air and 5 % CO2 in complete EMEM containing 10 %
fetal bovine serum. The cells were synchronized for 72 h and treated with tunicamycin (1 μg/ml) for
32 h as described before [35]. Tunicamycin-treated cells were trypsinized, and 5000 cells were dis-
bursed per well in 6 well clusters and incubated at 37 °C in complete EMEM containing 10 % fetal
bovine serum. The cells were monitored for 9 days with changing media every third day. At the con-
clusion of the incubation period, the media were removed and the cells were stained with 0.5 % crystal
violet in methanol for 1 h at room temperature. Images were collected in a Nikon ATM microscope, and
the cell numbers in five randomly selected colonies were counted. 

Raman spectroscopy

Capillary endothelial cells were synchronized and cultured in the presence or absence of tunicamycin
(1 μg/ml). At the times indicated, cell growth was interrupted, cells were removed from culture dishes
with a short trypsinization, washed thoroughly with PBS, pH 7.4, suspended in 70 % aqueous ethanol
(v/v), allowed to stand at –20 °C for 2 days, and recovered by centrifugation. Pellets containing around
3.7 × 104 cells were placed in a micro-cup, and ethanol was allowed to evaporate at room temperature.
Raman spectra were recorded using an R 2001 Raman Systems Spectrophotometer from Ocean Optics.
Cells were scanned in the 2800–0 cm–1 range, at integration 400, average 1 and box 15. Raman bands
were quantified using Spectrum 1000 software from Perkin Elmer.

Statistical analysis

Statistical analysis was carried out with Graph Pad Prism 4 software (Graph Pad Software Inc., San
Diego, CA). Quantitative data are presented as mean plus standard error (SE). Mean ± SE was calcu-
lated by one-way analysis of variance (ANOVA). Significance between groups was further analyzed
using the post-hoc Tuke’s test. 

RESULTS

Tunicamycin inhibits capillary endothelial cell proliferation

Proliferation and differentiation of capillary endothelial cells into capillaries are essential for neo-vas-
cularization during tumor progression and metastasis. It has been proposed earlier that “hybrid”- but not
“complex”-type N-glycans are required for capillary tube formation [24], but the question remained
about the status of the angiogenesis when protein N-glycosylation is inhibited. To address such a ques-
tion, we have used a potent N-glycosylation inhibitor, tunicamycin on the proliferation of a non-trans-
formed capillary endothelial cell line in culture. We have performed MTT assay on these cells after
treating them with tunicamycin (0–2 μg/ml) over a period of 120 h. The results in Fig. 1 confirmed that
at 0.25 μg/ml tunicamycin had no effect on the cellular proliferation after 24 h, whereas at 0.5 μg/ml it
inhibited ~14.2 %, but at 1.0–2.0 μg/ml the inhibition was approximately 21.4 %. The inhibition, how-
ever, continued to rise with the time of treatment. For example, it was approximately 21.4 % at tuni-
camycin concentration 0.25–0.5 μg/ml and approximately 50 % at 1.0–2.0 μg/ml after 48 h of treat-
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ment. These values were changed to approximately 31.2 and 62.5–68.7 %, respectively, after 72 h of
treatment, and increased much more at later time points. 

Tunicamycin-treated cells are less likely to form colonies

The ability to form colonies has been observed more frequently in cells with epithelial characteristics
but other cell types are also known to form colonies. To evaluate the colony-forming ability, the capil-
lary endothelial cells treated with tunicmycin (1 μg/ml) for 3 and 32 h were lifted, replated, and cul-
tured for 9–14 days in EMEM containing 10 % (v/v) fetal bovine serum. The results in Fig. 2 explain
that cells treated with tunicamycin for 3 or 32 h have lost their ability to form colonies. On the other
hand, the control cells have retained such ability.
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Fig. 1 Tunicamycin inhibits capillary endothelial cell proliferation. 1.6 × 104 cells in EMEM containing 10 % fetal
bovine serum in 200 μl were plated in 96 well plates. After 24 h, the cells were synchronized and treated with
tunicamycin (1 μg/ml) as in Materials and Methods. Cells were removed after every 24 h, washed with PBS, pH
7.2, and incubated with MTT (2 mg/ml) for 4 h at 37 °C. At the end of incubation, MTT was removed and 200 μl
10 % DMSO was added. After 10 min the plates were read at 550 nm in EIA plate reader (Bio Rad). * = p < 0.01;
** = p < 0.001.



Tunicamycin-treated cells undergo nuclear fragmentation

Reduction of cellular proliferation is associated with either a cell cycle arrest or a cell death or a com-
bination of the two. In our earlier report [34], we have indicated not only that there is a cell cycle arrest
in G1 but also a loss of cell numbers with time due to cell death in tunicamycin-treated capillary
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Fig. 2 Tunicamycin-treated cells are less likely to form colonies. Capillary endothelial cells (2 × 106 cells) were
cultured for 24 h at 37 °C in the presence of 95 % air and 5 % CO2 in a humidified incubator and synchronized as
in Materials and Methods. After treating them with tunicamycin (1 μg/ml for 32 h) 5000 cells were disbursed per
well in 6 well clusters and incubated at 37 °C in complete EMEM with 10 % fetal bovine serum. The cells were
monitored for 9 days with changing media every second day. At the end, the media were removed and the cells
were stained with 0.5 % crystal violet in methanol for 1 h at room temperature. Images were collected in a Nikon
ATM microscope, and the cell numbers in five randomly selected colonies were counted. The results are expressed
as mean ± SE. A: photomicrographs, Con = control; TM = tunicamycin; B: quantification of colonies, Con =
control; TM = tunicamycin. 



endothelial cells. To evaluate the nature of cell death we have stained the nuclei from control and tuni-
camycin (1 μg/ml)-treated cells with Hoechst 33528 (10 μg/ml in PBS, pH 7.2) and examined them
under a fluorescence microscope. The photomicrographs of the nuclei from tunicamycin-treated cells
exhibited fragmentation (arrows) with no changes occurring in untreated controls (Fig. 3). Thus, con-
firming that tunicamycin treatment induces apoptotic death (i.e., programmed cell death) of capillary
endothelial cells.

Raman spectroscopy of control and tunicamycin-treated capillary endothelial cells

About one-third of newly synthesized proteins translocate to the lumen of the ER where they are sub-
ject to post-translational modifications and folded into correct 3D structures before being targeted to
various cellular organelles or transported to the surface of the cell. This process is highly sensitive to
alterations in the ER luminal environment. 

Among the variety of insults that disrupt protein folding in the ER lumen and activate the UPR,
the most notable chemical inducer is the protein N-glycosylation inhibitor tunicamycin. There is no
established analytical tool currently available to detect the ER stress-mediated UPR. Because Raman
spectroscopy targets protein conformation, we have used it here to assess the cellular milieu following
tunicamycin treatment. The spectra were collected from capillary endothelial cells after culturing in the
presence or absence of tunicamycin (1 μg/ml) for 3 and 12 h. Figure 4A displays the spectrum in cells
cultured for 3 h in the absence of tunicamycin. The inset is an enlarged 1700–1600 cm–1 region show-
ing bands at 1694, 1684, and 1672 cm–1, respectively. These bands originate mainly from the C=O
stretch of mono-substituted amides as in proteins [29,32]. The spectral band near 1650 cm–1 is charac-
teristic of proteins in their secondary and/or tertiary structures (the amide I band). For example, Raman
spectra of α-helices peak around 1655 cm–1, but those of β-sheets peak around 1670 cm–1 [32]. The
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Fig. 3 Tunicamycin-treated cells undergo nuclear fragmentation. Capillary endothelial cells cultured and
synchronized as in Materials and Methods. The nuclei from control and tunicamycin (1 μg/ml) treated cells were
stained with Hoechst 33528 (10 μg/ml in PBS, pH 7.2) and examined them under a fluorescence microscope.
Arrows indicated the site of nuclear fragmentation.
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Fig. 4 Raman spectroscopy of capillary endothelial cells after 3 h of culturing in the absence or presence of
tunicamycin. Capillary endothelial cells were synchronized and cultured in absence or presence of tunicamycin
(1 μg/ml) for 3 h. At the end of the incubation period, the cells were removed from culture dishes with a short
trypsinization, washed with PBS, pH 7.4, and suspended in 70 % aqueous ethanol (v/v). After 2 days at –20 °C,
the cells were recovered by a short centrifugation and the pellets containing 3.7 × 104 cells were placed in a micro-
cup. Ethanol was evaporated at room temperature and the Raman spectra were recorded in an R 2001 Raman
Systems Spectrophotometer from Ocean Optics. Cells were scanned in the 2800–0 cm–1 range, at integration 400,
average 1 and box 15. Raman bands were quantified using Spectrum 1000 software from Perkin Elmer. The
enlarged 1700–1600 cm–1 region, characteristic of the C=O amide stretch, appears in the inset. The arrow points
to the band used to normalize the spectra. (A): spectra from control cells; (B): spectra from cells treated with
tunicamycin.
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Fig. 5 Raman spectroscopy of capillary endothelial cells after 12 h of culturing in the absence or presence of
tunicamycin. Capillary endothelial cells were synchronized and cultured in the absence or presence of tunicamycin
(1 μg/ml) for 12 h. At the end of the incubation period, the cells were removed from culture dishes with a short
trypsinization, washed with PBS, pH 7.4, and suspended in 70 % aqueous ethanol (v/v). After 2 days at –20 °C,
the cells were recovered by a short centrifugation and the pellets containing 3.7 × 104 cells were placed in a micro-
cup. Ethanol was evaporated at room temperature, and the Raman spectra were recorded in an R 2001 Raman
Systems Spectrophotometer from Ocean Optics. Cells were scanned in the 2800–0 cm–1 range, at integration 400,
average 1 and box 15. Raman bands were quantified using Spectrum 1000 software from Perkin Elmer. Inset shows
the 1700–1600 cm–1 region characteristic of the C=O amide stretch. (A): spectra from control cells; (B): spectra
from cells treated with tunicamycin. 



band at 1672 cm–1 in the spectra obtained in this study may originate from disordered α-helices [32],
but the ones at 1684 and 1694 cm–1 certainly arise from completely disordered protein chains [32]. The
intensities of these bands decrease significantly, when the cells are cultured in the presence of tuni-
camyin (Fig. 4B), the C=O moieties of their amide groups are not energetically suitable to absorb
infrared light in the 1700–1600 cm–1 region.

The Raman spectra of cells cultured for 12 h without tunicamycin show typical protein bands;
those in the 1700–1600 cm–1 region are enlarged in the inset (Fig. 5A). The intensities of these bands,
however, decrease significantly when the cells are cultured in the presence of tunicamycin (1 μg/ml;
Fig. 5B). Table 1 summarizes the details of these experimental results. 

Table 1 Intensities of Raman spectral bands in the 1700–1600 cm–1 region
in capillary endothelial cells in the presence or absence of tunicamycin.

Sample Wave number Band area* S.D. Change in
(cm–1) (absorbance) band area

(%)

3 h (no tuni) 1694 0.5400 0.0787
3 h (1 μg/ml tuni) 0.3600 0.0759 33.33 ↓
12 h (no tuni) " 0.6880 0.1610
12 h (1 μg/ml tuni) 0.4615 0.0710 32.92 ↓
3 h (no tuni) 1684 0.1500 0.0022
3 h (1 μg/ml tuni) 0.1190 0.0022 20.63 ↓
12 h (no tuni) " 0.8104 0.1181
12 h (1 μg/ml tuni) 0.4856 0.0477 40.08 ↓
3 h (no tuni) 1672 0.0408 0.0076
3 h (1 μg/ml tuni) 0.0237 0.0047 41.85 ↓
12 h (no tuni) " 0.0607 0.0010
12 h (1 μg/ml tuni) 0.0271 0.0084 55.39 ↓

tuni = tunicamycin
*Expressed in arbitrary units determined by Spectrum 1000 Software.
S.D. = standard deviation from the mean of three different samples analyzed in
duplicate. Spectra were normalized using the Raman spectroscopy band at 400–155
cm–1 which did not change.

DISCUSSION

In malignant breast tissue, the intratumoral endothelial cell proliferation rate is higher than that of the
surrounding breast [37]. The central importance of angiogenesis and the current understanding of blood
vessel formation are leading the way to develop therapies to interrupt this process. We have recently
observed that treatment of capillary endothelial cells with tunicamycin causes cell cycle arrest in G1
[24,34]. Also, (i) tunicamycin inhibits angiogenesis in vivo and reduces a double- and triple-negative
breast tumor growth in nude mice; (ii) inhibition is stable under tumor microenvironment and (iii) is
irreversible by exogenous VEGF165. The study we have presented here with tunicamycin has offered
an enormous possibility for developing a new drug regimen for treating breast cancer. The outcome is
from a central hypothesis that tunicamycin inhibits angiogenesis (both in vitro and in vivo) and built on
the confidence that inhibition of capillary endothelial cell proliferation is by arresting cells in G1 [28].

N-linked glycoproteins have been found to play an important role in angiogenesis [23–27,38,39].
We have observed that proliferation of capillary endothelial cells as well as the capillary lumen forma-
tion is up-regulated when the cells are treated with 8Br-cAMP [30,35,40]. Up-regulated mannosyl -
phospho dolichol synthase (DPMS) activity increases the synthesis and turnover of Glc3Man9GlcNAc2-
PP-Dol (lipid-linked oligosaccharide, LLO) and consequently the N-glycosylation of Factor VIIIC
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(eFVIIIc), enhancing angiogenesis [41]. Tunicamycin, a glucosamine-containing pyrimidine nucleoside
and a competitive inhibitor of GPT, inhibits protein N-glycosylation by blocking the LLO synthesis in
the ER [42]. Consequently, the glycoproteins are not folded and caused an accumulation of mis- or
unfolded glycoproteins in the ER. This saturation of the ER folding capacity induces ER stress and acti-
vates ER-specific adaptive response, the UPR [43]. The underlying mechanism of UPR induced by ER
stress could indirectly impede cell cycle progression by interfering with the proper maturation of growth
factor receptors or other modulators of mitogenic signaling. Alternatively, ER stress may directly
induce checkpoint response and prevent cells from completing their cell division cycle [44].

The study we have presented here clearly establishes that tunicamycin inhibits capillary endothe-
lial cell proliferation, and, more importantly, the treatment would not allow the cells to regain their pro-
liferative status when tunicamycin is withdrawn from the culture media. The clonogenic assay (Fig. 2)
supports unequivocally that even a short (i.e., 3 h) exposure of tunicamycin is fatal and prevents the cap-
illary endothelial cells going back to proliferation.

Another milestone is that using Raman spectroscopy we could confidently explain that the devel-
opment of ER stress-mediated UPR is due to inhibition of N-glycosylation of proteins. In fact, it is due
to intracellular protein denaturation. The Raman bands characteristic of the C=O stretch of amide
groups are typical of disordered protein chains; even the band at 1672 cm–1, which should arise from a
disordered helix [32]. This demonstrates that proteins synthesized by the capillary endothelial cells
under the experimental condition have disordered structures. In the presence of tunicamycin, these
structures are altered to ones that no longer absorb infrared light at the same frequency, which is an indi-
cation of protein denaturation. This damage was demonstrated by the reduced band intensity of the C=O
amide stretch (1700–1600 cm–1 region), which ranges from 20.63 % at 1684 cm–1 in cells cultured for
3 h in the presence of tunicamycin to 55.39 % at 1673 cm–1 in cells cultured for 12 h in its presence.
The results, therefore, demonstrate that in the presence of tunicamycin, a significant number of newly
synthesized proteins do not assume their normal, secondary, and/or tertiary conformations.
Consequently, they cannot perform their normal roles in maintaining cellular physiology. This induces
apoptosis by UPR signaling caused by the ER stress. 
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