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Abstract 
 

Understanding and Targeting the Oncogenic Glycocalyx 
 

By 
 

Elliot Carter Woods 
 

Joint Doctor of Philosophy 
with University of California, San Francisco in Bioengineering 

 
University of California, Berkeley 

 
Professor Carolyn Ruth Bertozzi, Chair 

 
 Cell surfaces feature abundant glycosylation. Glycans adorn roughly 90% of cell 
surface proteins and a huge array of phospholipids and sphingolipids comprising the 
plasma membrane, and myriad polysaccharides bind to cell surface proteins. This 
collection of glycans concentrated on cell surfaces is known as the glycocalyx and every 
cell has one. Like many cellular phenomenon, malignant transformation often results in 
reliable patterns of changes to the glycocalyx. Just as oncogenes are often upregulated in 
cancers and tumor suppressor genes downregulated, large cell-surface glycoproteins are 
very often upregulated as well. And tumor cells are often found to be hypersialylated. So 
consistently upregulated are the mucin class of glycoproteins in cancer, that they are used 
as biomarkers of the disease. Clearly, investigation into the role of glycans in 
oncogenesis is warranted. 
 For decades, these changes were documented correlatively, but a potential 
causative role in oncogenesis for these glycans remained elusive. The reasons for our lack 
of understanding are technical in nature; glycans and glycoproteins are very challenging 
to study using standard molecular biology techniques. Cancer biologists and cell 
biologists have been able to use molecular genetics techniques to tease apart the 
structure-function relationship of most proteins they set their sights on, but glycans are 
not template encoded. While a protein can be manipulated by changing its corresponding 
genetic DNA, glycans have no such coding counterpart. Glycosylation patterns are the 
result of countless metabolic pathways and the balance of activity of glycosyltransferases 
and glycosidases. So there is no such analogous facile manipulation-to-phenotype 
technique yet available to glycobiologists.  
 Chemical biology has emerged as the savior to the struggling glycobiologist. By 
utilizing chemical techniques, glycobiologists now have techniques for gaining traction 
on some cell-surface glycosylation patterns. Our lab developed just such a technique in 
the construction of our mucin-mimetic glycopolymers. Through chemical synthesis, we 
can create glycan-containing molecules that emulate the structure of native glycoproteins. 
Through a hydrophobic tail, these molecules spontaneously insert into the membranes of 
cells and thus decorate them with the glycans we chose to incorporate into the molecule. 
In this way we can begin to ask and answer questions such as: what effect does glycan 
‘X’ have upon cancer progression when overexpressed on tumor cell surfaces? 



 
   

 2 

 In chapter 1, I describe my contribution to these chemical tools. While profoundly 
useful, the early generation of these mucin-mimetic glycopolymers are constitutively 
uptaken by the cells which they decorate, meaning there is a limited timespan for the 
types of experiments they can contribute to. I constructed series of various lipid anchors 
for the glycopolymers and tested their ability to display the glycopolymers on cell 
surfaces. Using this empirical approach, we discovered that the synthetic sterol 
cholesterylamine is capable of promoting the recycling of our glycopolymers after 
endocytosis and thus display them for days to weeks. We go on to show that these 
mimics of mucin structure are capable of endowing cancer cells with metastatic-like 
phenotypes in a zebrafish model of metastasis.  
 In chapter 2 we put these molecules to use and answer the question: what 
contribution to metastasis do mucin glycoproteins make on tumor cell surfaces? Mucins 
are overexpressed on a massive number of cancers. It is estimated that 65% of all tumors 
diagnosed each year in the US overexpress MUC1—just one member of this family of 
cell-surface glycoproteins, of which there are at least twenty! They are found to 
positively correlate with metastasis, but the mechanism for such a contribution has 
remained entirely elusive. We found—using our mucin-mimetic glycopolymers and 
confirmed with genetic MUC1 constructs—that the mucin ectodomain has a unique 
contribution to the adhesion of cancer cells in the metastatic niche. When a cell arrives at 
a distal site in order to form a metastatic lesion, it must not only survive there but also 
proliferate. The cell may very well find that there isn’t much adhesive support for such 
behavior. In our models, overexpressing mucin ectodomains allows it to grow and 
survive despite that shortcoming. This work not only provides the first mechanistic 
support of a role for the mucin ectodomain in metastatic spread, but it has dramatic 
consequences for the targeting of mucin oncogenes. Work has been done to target the 
biochemically active cytoplasmic tails of mucins with novel therapeutics. Our studies 
imply that such targeting is futile and may not combat the mucin’s most deadly structural 
contribution to oncogenesis: its ectodomain.  
 So how, then, are biomedical scientists to produce drugs which might combat this 
dramatic contribution of the cancer cell glycocalyx to progression of the disease? In 
chapter 3, I describe a radically new approach to the treatment of cancer—but also to 
medical therapies in general. Using a handful of chemical biology techniques, we 
synthesized a conjugate of a monoclonal antibody and an enzyme. The enzyme can exert 
its effect on the cell surface once brought into proximity by the antibody. In this way, 
enzymes that modify the glycocalyx in an anti-cancer manner can be directly targeted to 
tumors. As a proof of principle, we first made sialidase-trastuzumab conjugates. High 
expression of sialic acids has long been associated with cancer, but it was only recently 
that their role in immune-evasion has been appreciated. By displaying a lot of sialic acid 
on their cell surfaces, tumors are able to bind to inhibitory receptors on immune cells—
which might otherwise kill the cancer cells—and avoid their destructive powers. Upon 
removing those sugars, we have seen that they become susceptible to the immune cells 
once again. Therefore, in this chapter I demonstrate how an enzyme that cleaves sialic 
acids can be selectively targeted to tumor cells bearing the antigen of the antibody, and 
their killing by immune cells enhanced as much as 2 fold, via this new class of 
therapeutics: the antibody-enzyme conjugates.  
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Chapter 1 
 
Optimizing the lipid anchor of mucin-mimetic glycopolymers 
 
Introduction 
 

Global changes in glycosylation can accompany inflammation, microbial 
infection and tumorigenesis.[1] For example, heavily glycosylated mucin glycoproteins 
have long been known to be upregulated in epithelial carcinomas, though until recently 
their contribution to oncogenesis remained largely mysterious.[2]  Mucins are membrane-
associated glycoproteins with densely glycosylated ectodomains; their glycans often 
comprise >50% of the mass of the molecule.[3]  It was recently shown that mucins’ 
biophysical bulk may actually bolster adhesion of tumor cells in minimal adhesion 
settings, such as the metastatic niche.[4]  Additionally, broad upregulation of certain 
glycan motifs, such as sialic acid, can play an important role in how the tumor and the 
host immune system interact.[5]  

These and other studies of glycobiology have benefitted from chemical 
approaches, such as the display of synthetic glycoconjugates on live cells via chemical 
glycocalyx engineering.[6]  One of the most straightforward methods to control cell 
surface glycan display is through passive insertion of lipid-anchored glycopolymers into 
the plasma membrane.[5,7–11]  This strategy offers many advantages over other techniques, 
such as covalent attachment of glycoconjugates to engineered cell-surface 
molecules.[11,12]  Because lipid-anchored glycopolymers will insert into any plasma 
membrane, any naïve cell type can be used, including primary cells and those not 
amenable to genetic manipulation.  However, previously reported lipid-conjugated 
glycopolymers, including those functionalized with dipalmitoyl 
phosphatidylethanolamine-based anchors (DPPE, 1, Fig. 1a), are constitutively 
internalized by cells.[8]  As a consequence, their plasma membrane residence half-lives 
are only 5-6 hours, which limits their application to studies of biological processes 
occurring on short time scales.[5,13]  Many events of interest, such as tumor growth and 
metastasis, unfold on much longer timescales.  At present, the role of glycosylation in 
such processes cannot be addressed by lipid-insertion-based glycocalyx engineering. 

Here, we report the synthesis and cell trafficking behavior of a panel of lipid 
anchors engineered to improve the plasma membrane residence times of glycopolymers.  
We show that cholesterylamine (CholA), a lipid known to recycle back to the cell surface 
after internalization,[14,15] is capable of shuttling glycopolymers through this pathway 
continuously for up to 10 days, resulting in persistent display of glycopolymers on the 
plasma membrane.  Moreover, cells incubated with CholA-anchored glycopolymers 
internalize some portion into a reservoir that serves as a depot for continuous cell-surface 
delivery, even in daughter cells derived from a labeled mother cell.  Once resident on 
cells, the CholA-anchored glycopolymers replicate known effects of mucins on focal 
adhesion distribution and cell survival, both in cell culture and in a zebrafish model of 
tumor cell metastasis. 
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Results 
 

Although the mechanisms underlying native lipid trafficking throughout a cell are 
not well understood, small changes in lipid structure can have a profound effect on 
internalization kinetics and pathway.[16,17]  With little basis for rational design, we 
synthesized a panel of phosphoglycerolipids that varied in length (dimyristoyl DMPC (5) 
and distearoyl DSPC (6)), regiochemistry (1,3 DMPC (7)), unsaturation (dioleyl, DOPC 
(8)), or linkage type to glycerol (e.g., diether lipid DEPC (9)) in the hope of improving 
cell-surface half-life relative to DPPE (Fig. 1a).  To integrate these lipids into 
glycopolymers, we crafted the synthetic approach outlined in Fig. 1b.  The lipids were 
outfitted with clickable alkyne groups (see Scheme S1) for conjugation to an azide-
functionalized chain-transfer agent (CTA) (10) capable of reversible addition-
fragmentation chain-transfer (RAFT) polymerization.[18]  In addition, we prepared the 
two sterol derivatives cholesteryl-succinic acid propargylamide (Chol (3))[19] and N-
propargyl 3β-cholesterylamine (CholA (4)) using the procedure described in Fig. S2.  
Notably, Peterson and coworkers discovered that CholA and various CholA-small 
molecule conjugates have the unique ability to persist on cell surfaces by virtue of 
continuous recycling from an endocytic compartment.[14,20–22]  
	  
	  

	  
	  
Figure	   1:	   Synthesis	   of	   a	   panel	   of	   lipid-‐anchored	   glycopolymers.	   a)	   Structure	   and	  
representation	  of	  our	  glycopolymers	  with	  differing	  alkynyl	  lipids,	  R.	  	  b)	  Synthesis	  of	  dual-‐
end-‐functionalized	  glycopolymers.	  
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generate lipid-anchored poly(MVK) polymers of specified lengths (~200 DP) and low 
polydipersity (PDIs = 1.1-1.66) (see SI for details).  The terminal trithiocarbonate was 
cleaved, and the free thiol was alkylated with a maleimide probe (either Alexa Fluor 488 
(AF488) or biotin).  Finally, the ketone groups were condensed with aminooxy-N-
acetylgalactosamine (GalNAc) to form hydrolytically-stable oxime-conjugated 
glycopolymers.[24]   

	  
Figure	  2:	  Glycopolymers	  with	  different	  lipid	  anchors	  have	  different	  cell-‐surface	  kinetics.	  	  
a)	  Fluorescence	  of	  Jurkat	  cells	  incubated	  with	  10	  μM	  of	  AF488-‐capped	  polymer	  with	  the	  
given	   lipid	   anchor.	   	   b)	   Fractional	   cell-‐surface	   retention	   of	   biotin-‐capped	   polymers	  
relative	   to	   levels	   immediately	   following	   polymer	   loading.	   c)	   Absolute	   cell-‐surface	  
abundance	   of	   biotin-‐capped	   CholA-‐anchored	   glycopolymers	   on	   long	   timescales.	   	   d)	  
Effect	  of	  CholA-‐anchored	  glycopolymers	  on	  fluorescence	  over	  time	  of	  cells	  labeled	  with	  
a	  cytosolic	  cell-‐tracking	  dye.	  	  For	  a,	  b,	  c	  and	  d,	  shown	  are	  mean	  +/-‐	  standard	  deviation	  of	  
three	  replicate	  experiments.	  	  	  

 
Using AF488-labeled polymers, we sought to measure the efficiency with which 

each glycopolymer was incorporated into cell membranes.  We incubated Jurkat cells 
(107/mL in serum-free media) for 1 h at room temperature with 10 µM lipid-conjugated 
glycopolymer, washed the cells, and then measured their fluorescence by flow cytometry 
(Figure 2a).  For each lipid tested, we observed saturation kinetics, with the amount of 
glycopolymer displayed on the membrane increasing as a function of loading 
concentration (see Figure S3).  The polymers with the highest levels of incorporation 
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were the phosphocholine derivatives with shorter fatty acids (DMPC and 1,3 DMPC) and 
the sterols (Chol and CholA). 

To quantitate the persistence time of glycopolymers on the cell surface, we used 
biotin-capped polymers that could be detected with a membrane-impermeant AF488-
labeled anti-biotin antibody.  After incubation with glycopolymers, cells were washed, 
and incubated in complete media at 37 °C until a given time point, when the cells were 
washed and cell-surface labeled for flow cytometry analysis.  By comparing the mean 
fluorescence intensity with that obtained immediately after glycopolymer loading, the 
fraction of polymer remaining on the cell surface could be calculated (Figure 2b).  All of 
the glycopolymers underwent a significant decrease in cell surface abundance during the 
first hour after loading.   

However, analysis of later time points revealed that CholA-anchored 
glycopolymers exhibit double exponential kinetics rather than the single exponential 
function observed for other lipids.  After an initially rapid decline, the surface population 
of CholA-anchored glycopolymers stabilized and remained steady for days, at levels 
orders of magnitude higher than DPPE (Figure 2c).  We were able to observe the 
presence of glycopolymers on cell surfaces up to ten days after labeling (Figure S4).  To 
our knowledge, these are the most persistent synthetic glycoconjugates ever displayed on 
a cell’s surface.  Because an equilibrium between solution phase and cell-surface 
glycopolymers could develop, we tried washing the cells every day and found that we 
were able to deplete the cells over time (Figure S5), thus the labeling is reversible if 
driven by mass action.  

Labeling cells with a cytoplasmic tracking dye along with biotin-capped CholA-
anchored glycopolymers allowed us to monitor the fate of glycopolymers in a population 
of dividing cells.  We found that while cells show a marked deceleration in their loss of 
cell-surface polymers after day 1 (Figure 2c), they actually continue to divide up to day 3 
and beyond (Figure 2d).  Importantly, the polymers are passed down uniformly from 
mother cells to daughter cells as reflected in a stable unimodal distribution of labeling 
(Figure S6). 

Analysis of the temperature dependence of cell-surface residence time suggested 
that the rapid initial loss of CholA-anchored glycopolymers is due to endocytosis (Figure 
S7).  Microscopy analysis of our AF488-capped CholA-anchored polymers revealed that, 
indeed, the initially rapid internalization yields dense reservoirs of glycopolymer within 
the cell (Figures 3a and S8).  By contrast, DPPE-anchored glycopolymers formed diffuse 
internal puncta.  Based on Peterson’s reports on the recycling capability of 
cholesterylamine conjugates, we speculated that CholA was mediating continuous 
recycling of our glycopolymers from these reservoirs to the cell surface.[14,15,25]   
The endocytic recycling compartment (ERC) is an organelle responsible for replenishing 
membrane-associated proteins and lipids once they have been depleted by endocytosis.[16]  
The plasma protein transferrin is a known marker of the ERC.[26]  We observed that 
Alexa Fluor 647-labeled transferrin colocalized with the reservoirs of CholA-anchored 
glycopolymers (Figure 3b).  To visualize recycling of the glycopolymer from internal 
reservoirs back to the cell surface, we first quenched those AF488-capped glycopolymers 
present on the cell surface with an anti-AF488 antibody[27] and observed loss of cell 
surface labeling as expected (Figure 3c).  Next, we either let these cells warm for 2 h at 
37 °C or kept them on ice, then imaged them again.  Only the warmed cells 
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Figure	   3:	   CholA-‐anchored	   glycopolymers	   recycle	   from	   reservoirs	   inside	   the	   cell	   to	   the	  
cell	  surface.	  	  a)	  Jurkats	  were	  labeled	  with	  5	  μM	  AF488-‐capped	  glycopolymers.	  	  b)	  Jurkats	  
loaded	   with	   CholA	   glycopolymers	   and	   incubated	   with	   AF647-‐transferrin.	   	   c)	   Jurkats	  
loaded	  with	  CholA-‐anchored	  glycopolymers,	   then	   treated	  with	   anti-‐AF488	  antibody	   to	  
quench	   cell	   surface	   fluorescence,	   then	   allowed	   to	   incubate	   at	   the	   indicated	  
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temperature.	   	  d)	   A	  model	   for	   the	   trafficking	   of	   CholA-‐anchored	   glycopolymers.	   	   Scale	  
bars	  are	  10	  μm.	  
	  
were able to replenish their cell surface population of AF488-capped glycopolymers, 
ostensibly via recycling from internal compartments (Figure 3c).  We now had a model 
for the mechanism by which CholA-anchored glycopolymers could utilize recycling to 
replenish the cell surface, resulting in apparent cell-surface persistence (Figure 3d). 

Having identified glycopolymers that stably populate the cell surface, we next 
sought to determine whether they impart biological effects on cells similar to native 
mucins.  It was recently discovered that bulky cell-surface mucins can, counterintuitively, 
promote the adhesion of cells in minimal adhesion settings.[4]  By obscuring the majority 
of binding between integrins and their ligands in the extracellular matrix, a bulky 
glycocalyx actually drives integrin clustering via a kinetic funnel wherein new bonds are 
more likely to be made near established ones (Figure 4a).[28]  This clustering activates 
integrins and promotes signaling and cell survival, which can overcome adhesion-
mediated programed cell death (i.e. anoikis) that healthy cells normally undergo.[29–31] 

	  
Figure	   4:	   CholA-‐anchored	   glycopolymers	   are	   excluded	   from	   sites	   of	   focal	   adhesion	  
formation	  and	  drive	  a	  resistance	  to	  anchorage-‐dependent	  cell	  death.	  	  a)	  A	  kinetic	  funnel	  
model	   for	   glycocalyx-‐driven	   integrin	   clustering.	   	   b)	   Effect	   of	   polymers	   on	   viability	   of	  
MCF-‐10A	   cells	   plated	   on	   soft	   substrates.	   Error	   bars	   are	   SEM	   for	   at	   least	   three	  
independent	   experiments.	   	   c)	   TIRF	   imaging	   of	   mCherry-‐paxillin	   expressing	   MCF-‐10A	  
breast	   epithelial	   cells	   incubated	  with	   biotin-‐capped	   CholA	   polymers	   and	   stained	  with	  
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AF488-‐anti-‐biotin.	   Scale	   bars	   are	   5	   μm.	   	   d)	   Manders’	   Colocalization	   Coefficients	   for	  
coincidence	  of	  mCherry-‐paxillin	  with	  AF488-‐anti-‐biotin	   antibody	   for	   cells	   treated	   as	   in	  
(c).	  Error	  bars	  are	  SEM	  for	  at	   least	   five	  cells	  quantified	   from	  at	   least	   two	   independent	  
experiments.	  	  **p<0.01,	  ***p<0.001.	  	  

 
After confirming that our CholA-anchored glycopolymers are themselves 

nontoxic (Figure S9), that polymer length does not affect cell-surface persistence (Figures 
S10 and S11), and that our polymers are long lived on MCF-10A breast epithelial cells 
(Figure S12), we tested our polymers for their ability to improve the survival of 
nonmalignant cells in a model of the minimal adhesion setting.  Soft polyacrylamide gels 
(140 Pa) functionalized with fibronectin offer nonideal substrates for cell growth, and 
roughly a third of nonmalignant breast epithelial cells (MCF-10As) plated on them die 
within 24 h (Figure 4b).  CholA-anchored glycopolymers (DP: 719, PDI: 1.1, ~90 nm in 
length) much longer than the height of integrins on the cell surface (~20 nm)[32] prevented 
more than two thirds of this apoptosis.  In control experiments, CholA-anchored 
glycopolymers much shorter than integrins (DP: 36, PDI: 1.20, ~3 nm) were shown to 
offer no significant protection from anoikis (Figure 4b). 

We hypothesize that increased survival of cells painted with long glycopolymers 
results from clustering of integrins driven by segregation from glycopolymer rich zones, 
a phenomenon we sought to visualize directly by total internal reflection fluorescence 
(TIRF) microscopy.  MCF-10A cells expressing the fluorescent-focal adhesion protein 
fusion mCherry-paxillin were incubated with biotin-capped CholA-anchored 
glycopolymers, plated on fibronectin-functionalized coverslips and allowed to adhere, 
then fixed and stained with AF488-labeled anti-biotin antibody.  As shown in Figure 4c, 
TIRF microscopy analysis revealed that long CholA-anchored glycopolymers are 
excluded from sites of adhesion formation, while the short are not, consistent with the 
biophysical model for integrin clustering.   

To quantify this effect, we calculated the Manders’ Colocalization Coefficients 
(MCC) for mCherry-paxillin in cells loaded with either long or short glycopolymers.  
This metric determines the fraction of red pixels that are colocalized with green pixels.  
In essence, it seeks to answer the question: what percentage of focal adhesion area is also 
occupied by glycopolymers?  With short glycopolymers (3 nm), we calculated a high 
degree of overlap; 86% of paxillin is coincident with polymer.  With long glycopolymers 
(90 nm), on the other hand, a dramatic segregation was seen; less than 20% of paxillin 
was coincident with the polymers (Figure 4d).  Further image analysis showed that the 
average area per adhesion for cells treated with long CholA-anchored glycopolymers was 
almost twice that observed on cells treated with short glycopolymers (Figure S13).  These 
metrics confirm that, like the natural mucin MUC1[4], the long CholA-anchored 
glycopolymers are excluded from areas of adhesion and thus likely drive integrin 
clustering via a kinetic funnel effect.   

The ability to evade anoikis is a hallmark of malignancy and a prerequisite for 
tumor metastasis.  It has been postulated that mucin overexpression promotes these 
processes by the mechanism outlined above.  To determine whether CholA-anchored 
glycopolymers can similarly promote cell survival and dissemination in vivo, we turned 
to a zebrafish model of metastasis.[33]  Zebrafish embryos 48 hours post-fertilization (hpf) 
were injected with MCF-10A cells constitutively expressing the green fluorescent 



 
   

 8 

protein-histone H2B fusion (GFP-H2B).  MCF-10A cells were first incubated with either 
long CholA-anchored glycopolymers, short CholA-anchored glycopolymers, or PBS 
alone.  Cells were allowed to disseminate throughout the fish for 3 h, at which point 
images were acquired and the number of MCF-10A cells present at day 0 was quantified 
by their fluorescent nuclei.  Twenty-four hours later, images were taken again of the same 
live fish (Figures 5a and S14).  The MCF-10A cells that were still viable maintained their 
fluorescent nuclei.[34]  As in the in vitro model, cells coated with long CholA-anchored 
glycopolymers showed almost twice the survival rate of cells with short glycopolymers or 
no polymers at all (Figure 5b).  Thus, CholA-anchored glycopolymers have allowed us to 
test the effects of a bulky glycocalyx on cell survival over a 27-h period in vivo. 
	  

	  
Figure	   5:	   Long	   CholA-‐anchored	   glycopolymers	   protect	   previously	   nonmalignant	   cells	  
from	   apoptosis	   in	   vivo.	   	   a)	   Zebrafish	   embryos,	   48	   hpf,	   were	   injected	   with	   GFP-‐H2B	  
expressing	   MCF-‐10A	   cells	   loaded	   with	   either	   long	   (90	   nm)	   or	   short	   (3	   nm)	   CholA-‐
anchored	  glycopolymers	  and	  imaged	  at	  the	  indicated	  time	  points.	  	  b)	  Effect	  of	  polymers	  
on	  viability	  of	  cells	  injected	  as	  in	  (a)	  after	  27	  hours.	  	  Scale	  bars	  are	  100	  μm.	  	  Error	  bars	  
are	  SEM	  of	  five	  biological	  replicates.	  	  **p<0.01.	  

 
 

Conclusion 
 
In conclusion, CholA-anchored glycopolymers enable long-lived glycocalyx 

engineering of naïve cells and provide tools to answer questions hereto unapproachable.  
We also envision utilizing these reagents for translational applications, such as protection 
of precious or vulnerable cells (e.g. stem cells) from hostile environments (e.g. the 
immune system) or tailored homing of engineered cells to target tissues.   
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Experimental Methods 
 
Materials and General Methods. Chemical reagents were obtained from commercial 
sources and used without further purification unless otherwise noted. All anhydrous 
solvents used were either purchased from commercial providers or used from an 
aluminum column solvent purification system. All reactions were performed under 
nitrogen in oven-dried glassware. Analytical thin layer chromatography was performed 
on glass-backed SiliCycle® silica gel 60 Å plates and visualized by staining with KMnO4 
in 10% NaOH and/or absorbance of UV light. Flash chromatography was performed 
using SiliCycle® SilicaFlash® P60 silica gel or Iatrobeads from Shell-USA, Inc. as 
noted. All solvents were removed under reduced pressure using a rotary evaporator 
unless otherwise noted. 1H-NMR, 13C-NMR, and 31P NMR and spectra were obtained 
using Bruker AVB-400, AV-500 or AV-600 instruments and have shifts recorded in ppm 
(δ), while coupling constants (J) are reported in hertz (Hz) referenced to residual solvent 
peaks. High resolution electrospray ionization (HR ESI) mass spectra were obtained from 
the UC Berkeley Mass Spectrometry Facility. Size exclusion chromatography (SEC) was 
performed on Viscotek TDA 302 SEC system with triple detector array. For 
measurements in DMF (0.2% LiBr and toluene as a flow marker), the instrument was 
equipped with 2 in-series Mixed Bed GMHHR-M columns, separation range 100-4M (30 
cm x 7.8 mm i.d.) at 70 °C. UV-Vis measurements were made using a NanoDrop™ 2000 
by Thermo Scientific.   
 
Synthesis of alkynyl Lipids 

 
N-propargyl 3β-cholesterylamine (3).  N-cholesteryl-2-nitrobenzenesulfonamide 
(synthesized as previously described)[2] (338mg, 0.592 mmol, 1 eq), K2CO3 (1.23 g, 8.88 
mmol, 15 eq), and propargyl bromide (422.8 mg, 3.55 mmol, 6 eq) 80% wt/wt in toluene 
were added to 15 mL of dry THF in a round bottom with a stirbar and a refluxing 
condenser.  The mixture was heated to reflux and let stir overnight.  The excess K2CO3 
was filtered with celite, and the solvent removed in vacuo. To the crude, nosyl-protected 
N-propargyl cholesterylamine was added 12 mL acetonitrile, K2CO3 (982 mg, 7.1 mmol, 
12 eq) and thiophenol (522 mg, 4.74 mmol, 8 eq) and the mixture let stir under N2 at 
room temperature overnight.  Excess K2CO3 was filtered with celite, and the solvent 
removed in vacuo.  The crude product was purified by flash chromatography with a 
gradient solvent system (2-10% MeOH in DCM) to give 3 (210 mg, 0.496 mmol, 84% 
over two steps). 1H NMR (500 MHz, Chloroform-d) δ 5.34 (dt, J = 4.9, 2.0 Hz, 1H), 3.46 
(d, J = 2.5 Hz, 2H), 2.63 (ddd, J = 11.5, 7.3, 4.2 Hz, 1H), 2.27 – 2.15 (m, 2H), 2.15 – 
1.92 (m, 3H), 1.92 – 1.69 (m, 3H), 1.69 – 0.79 (m, 36H), 0.67 (s, 3H). 13C NMR (101 
MHz, CDCl3) δ = 141.45, 121.20, 82.50, 77.48, 77.37, 77.16, 76.84, 71.30, 56.97, 56.64, 
56.30, 50.41, 42.47, 39.96, 39.67, 37.92, 37.22, 36.35, 35.94, 35.33, 32.08, 32.04, 29.07, 
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28.39, 28.17, 24.44, 23.97, 22.98, 22.72, 21.16, 19.57, 18.88, 12.02.  HRMS (ESI): 
Calcd. for C30H50N1 [M+H]+ 424.3938, found 424.3935.  
 

 
2,3-bis(tetradecanoyloxy)propyl (2-(dimethyl(prop-2-yn-1-yl)ammonio)ethyl) 
phosphate (5).  1,2-dimyristoyl-sn-glycerol (150mg, 0.2925 mmol, 1 eq) and DMAP 
(3.57mg, 0.0293 mmol, 0.1 eq) were dissolved in 9 mL dry toluene in a round bottom 
with a stirbar under N2.  Freshly distilled 2-Chloro-1,3,2-dioxaphospholane 2-oxide (125 
mg, 0.8775 mmol, 3 eq) was added via syringe.  The mixture was cooled to 0 °C, and 
triethylamine (88.8 mg, 0.8775 mmol, 3 eq) in 500 uL dry toluene was added dropwise.  
The mixture was let come to room temperature and stirred for 18 hours.  The resulting 
slurry was filtered with celite, and the toluene removed in vacuo.  To the crude cyclic 
phosphate triester was added 15 equivalents of N,N-dimethylaminopropyne and 
anhydrous acetonitrile under N2.  The mixture was heated to 65 °C and let stir for 24 
hours.  The reaction was then let cool and the solvent removed in vacuo.  The crude 
product was purified by flash chromatography with a gradient solvent system (10:2 -> 5:2 
of CHCl3 : 10% NH4OHaq in MeOH) using iatrobeads to give 5 (36 mg, 0.0512 mmol, 
17.5% over two steps).  1H NMR (400 MHz, Chloroform-d) δ = 5.21 (dd, J=6.9, 3.0, 1H), 
4.66 (d, J=2.6, 2H), 4.46 – 4.25 (m, 3H), 4.14 (dd, J=12.0, 7.1, 1H), 4.01 – 3.82 (m, 4H), 
3.41 (s, 6H), 3.10 – 2.68 (m, 4H), 2.28 (q, J=7.9, 4H), 1.57 (tt, J=7.8, 4.0, 4H), 1.25 (s, 
41H), 0.87 (t, J=6.8, 6H).  13C NMR (151 MHz, CDCl3) δ = 173.67, 173.32, 81.29, 
77.37, 77.16, 77.05, 76.95, 72.24, 63.62, 63.09, 59.28, 55.40, 51.78, 34.49, 34.29, 32.07, 
29.86, 29.84, 29.81, 29.70, 29.68, 29.51, 29.48, 29.33, 29.31, 25.11, 25.05, 22.84, 14.26. 
31P NMR (162 MHz, CDCl3) δ = -0.56. HRMS (ESI): Calcd. for C38H73O8NP [M+H]+ 
702.5068, found 702.5068. 
 

 
2,3-bis(stearoyloxy)propyl (2-(dimethyl(prop-2-yn-1-yl)ammonio)ethyl) phosphate 
(6).  1,2-distearoyl-sn-glycerol (249mg, 0.3984 mmol, 1 eq) and DMAP (4.87mg, 
0.03984 mmol, 0.1 eq) were dissolved in 7 mL dry toluene in a round bottom with a 
stirbar under N2.  Freshly distilled 2-Chloro-1,3,2-dioxaphospholane 2-oxide (170.3 mg, 
1.195 mmol, 3 eq) was added via syringe.  The mixture was cooled to 0 °C, and 
triethylamine (121 mg, 1.195 mmol, 3 eq) in 500 uL dry toluene was added dropwise.  
The mixture was let come to room temperature and stirred for 18 hours.  The resulting 
slurry was filtered with celite, and the toluene removed in vacuo.  To the crude cyclic 
phosphate triester was added 15 equivalents of N,N-dimethylaminopropyne and 
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anhydrous acetonitrile under N2.  The mixture was heated to 65 °C and let stir for 24 
hours.  The reaction was then let cool and the solvent removed in vacuo.  The crude 
product was purified by flash chromatography with a gradient solvent system (10:2 -> 5:2 
of CHCl3 : 10% NH4OHaq in MeOH) using iatrobeads to give 6 (69 mg, 0.0848 mmol, 
21.3% over two steps). 1H NMR (600 MHz, Chloroform-d) δ = 5.21 (dd, J=7.2, 3.1, 1H), 
4.67 (s, 2H), 4.45 – 4.23 (m, 3H), 4.14 (dd, J=12.1, 7.1, 1H), 4.04 – 3.79 (m, 4H), 3.42 (s, 
6H), 2.90 (d, J=2.4, 1H), 2.28 (dt, J=12.6, 7.6, 4H), 1.57 (p, J=7.0, 4H), 1.25 (s, 58H), 
0.87 (t, J=7.0, 6H). 13C NMR (151 MHz, CDCl3) δ = 173.68, 173.33, 81.30, 77.37, 77.16, 
76.95, 72.17, 63.09, 51.82, 34.50, 34.30, 32.08, 29.88, 29.84, 29.82, 29.72, 29.70, 29.52, 
29.50, 29.35, 29.32, 25.12, 25.05, 22.84, 14.26. 31P NMR (162 MHz, CDCl3) δ -0.54. 
HRMS (ESI): Calcd. for C46H89O8NP [M+H]+ 814.6320, found 814.6310. 
 

 
1,3-bis(tetradecanoyloxy)propan-2-yl (2-(dimethyl(prop-2-yn-1-yl)ammonio)ethyl) 
phosphate (7).  1,3-dimyristoyl-glycerol (287 mg, 0.560 mmol, 1 eq) and DMAP (6.84 
mg, 0.056 mmol, 0.1 eq) were dissolved in 7 mL dry toluene in a round bottom with a 
stirbar under N2.  Freshly distilled 2-Chloro-1,3,2-dioxaphospholane 2-oxide (239 mg, 
1.68 mmol, 3 eq) was added via syringe.  The mixture was cooled to 0 °C, and 
triethylamine (170 mg, 1.68 mmol, 3 eq) in 500 uL dry toluene was added dropwise.  The 
mixture was let come to room temperature and stirred for 18 hours.  The resulting slurry 
was filtered with celite, and the toluene removed in vacuo.  To the crude cyclic phosphate 
triester was added 15 equivalents of N,N-dimethylaminopropyne and anhydrous 
acetonitrile under N2.  The mixture was heated to 65 °C and let stir for 24 hours.  The 
reaction was then let cool and the solvent removed in vacuo.  The crude product was 
purified by flash chromatography with a gradient solvent system (10:2 -> 5:2 of CHCl3 : 
10% NH4OHaq in MeOH) using iatrobeads to give 7 (147.4 mg, 0.210 mmol, 37.5% over 
two steps). 1H NMR (600 MHz, Chloroform-d) δ 4.69 (d, J = 2.6 Hz, 2H), 4.60 – 4.47 
(m, 1H), 4.33 (q, J = 5.7 Hz, 2H), 4.30 – 4.18 (m, 4H), 3.86 (t, J = 4.6 Hz, 2H), 3.43 (s, 
6H), 2.88 (d, J = 2.4 Hz, 1H), 2.29 (t, J = 7.7 Hz, 4H), 1.58 (p, J = 7.3 Hz, 4H), 1.26 (d, J 
= 10.6 Hz, 41H), 0.87 (t, J = 7.0 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ = 173.67, 
81.28, 77.37, 77.16, 76.95, 72.15, 63.32, 59.33, 55.34, 51.93, 34.34, 32.08, 29.85, 29.83, 
29.81, 29.67, 29.51, 29.49, 29.36, 25.06, 22.84, 14.26. 31P NMR (162 MHz, CDCl3) δ = -
1.09.  HRMS (ESI): Calcd. for C38H73O8NP [M+H]+ 702.5068, found 702.5067. 

 
2,3-bis(oleoyloxy)propyl (2-(dimethyl(prop-2-yn-1-yl)ammonio)ethyl) phosphate (8).  
1,2-dioleoyl-sn-glycerol (300 mg, 0.483 mmol, 1 eq) and DMAP (5.9 mg, 0.0483 mmol, 
0.1 eq) were dissolved in 7 mL dry toluene in a round bottom with a stirbar under N2.  
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Freshly distilled 2-Chloro-1,3,2-dioxaphospholane 2-oxide (207 mg, 1.45 mmol, 3 eq) 
was added via syringe.  The mixture was cooled to 0 °C, and triethylamine (147 mg, 1.45 
mmol, 3 eq) in 500 uL dry toluene was added dropwise.  The mixture was let come to 
room temperature and stirred for 18 hours.  The resulting slurry was filtered with celite, 
and the toluene removed in vacuo.  To the crude cyclic phosphate triester was added 15 
equivalents of N,N-dimethylaminopropyne and anhydrous acetonitrile under N2.  The 
mixture was heated to 65 °C and let stir for 24 hours.  The reaction was then let cool and 
the solvent removed in vacuo.  The crude product was purified by flash chromatography 
with a  gradient solvent system (10:2 -> 5:2 of CHCl3 : 10% NH4OHaq in MeOH) using 
iatrobeads to give 8 (104 mg, 0.1284 mmol, 26.6% over two steps). 1H NMR (500 MHz, 
Chloroform-d) δ 5.42 – 5.25 (m, 4H), 5.20 (dd, J = 3.1, 6.9 Hz, 1H), 4.75 (d, J = 2.6 Hz, 
2H), 4.36 (ddt, J = 3.0, 7.1, 9.7 Hz, 3H), 4.13 (dd, J = 7.0, 12.0 Hz, 1H), 4.07 – 3.88 (m, 
4H), 3.47 (s, 6H), 3.09 (qd, J = 4.6, 7.3 Hz, 4H), 2.90 (t, J = 2.5 Hz, 1H), 2.29 (dt, J = 
7.6, 12.5 Hz, 4H), 2.00 (q, J = 6.6 Hz, 8H), 1.58 (q, J = 7.1 Hz, 4H), 1.46 – 1.09 (m, 
49H), 0.87 (t, J = 6.9 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ = 130.14, 129.81, 77.41, 
77.37, 77.16, 77.11, 76.91, 76.85, 45.92, 32.04, 29.89, 29.66, 29.45, 29.31, 27.34, 25.06, 
25.00, 22.82, 14.26, 8.77. 31P NMR (202 MHz, CDCl3) δ -1.20.  HRMS (ESI): Calcd. for 
C46H84O8NNaP [M+Na]+ 832.5827, found 832.5839.   
 

 
2,3-bis(hexadecyloxy)propyl (2-(dimethyl(prop-2-yn-1-yl)ammonio)ethyl) phosphate 
(9).  1,2-O-dihexadecyl-rac-glycerol (500 mg, 0.924 mmol, 1 eq) and DMAP (11.29 mg, 
0.092 mmol, 0.1 eq) were dissolved in 28 mL dry toluene in a round bottom with a stirbar 
under N2.  Freshly distilled 2-Chloro-1,3,2-dioxaphospholane 2-oxide (395 mg, 2.77 
mmol, 3 eq) was added via syringe.  The mixture was cooled to 0 °C, and triethylamine 
(280 mg, 2.77 mmol, 3 eq) in 500 uL dry toluene was added dropwise.  The mixture was 
let come to room temperature and stirred for 18 hours.  The resulting slurry was filtered 
with celite, and the toluene removed in vacuo.  To the crude cyclic phosphate triester was 
added 15 equivalents of N,N-dimethylaminopropyne and anhydrous acetonitrile under N2.  
The mixture was heated to 65 °C and let stir for 24 hours.  The reaction was then let cool 
and the solvent removed in vacuo.  The crude product was purified by flash 
chromatography with a gradient solvent system (10:2 -> 5:2 of CHCl3 : 10% NH4OHaq in 
MeOH) using iatrobeads to give 9 (212.4 mg, 0.290 mmol, 31.5% over two steps). 1H 
NMR (400 MHz, Chloroform-d) δ = 4.75 (d, J=2.6, 2H), 4.32 (s, 2H), 3.95 (t, J=4.1, 2H), 
3.86 (d, J=2.6, 2H), 3.71 (q, J=7.0, 1H), 3.64 – 3.32 (m, 13H), 3.09 (q, J=7.3, 5H), 2.92 – 
2.82 (m, 1H), 1.52 (t, J=7.7, 4H), 1.31 (d, J=55.4, 60H), 0.87 (t, J=6.7, 6H). 13C NMR 
(101 MHz, CDCl3) δ 77.48, 77.36, 77.16, 76.84, 71.88, 51.75, 45.89, 32.08, 30.35, 29.89, 
29.82, 29.76, 29.52, 26.30, 22.84, 14.27, 8.77. 31P NMR (243 MHz, CDCl3) δ -0.78. 
HRMS (ESI): Calcd. for C42H85O6NP [M+H]+ 730.6109, found 730.6111.   
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Synthesis of lipid-conjugated chain-transfer agents 
 

 

DMPC-CTA (16).  To 5 (10 mg, 0.0142 mmol, 1 eq) was added the azide-CTA 
(synthesized as previously described)[3] (6.36 mg, 0.0142 mmol, 1 eq), CuBr (0.2 mg, 
1.42 umol, 0.1 eq), TBTA (0.75 mg, 1.42 umol, 0.1 eq) and sodium ascorbate (0.6 mg, 
2.85 umol, 0.2 eq) in 10% H2O in THF.  The orange solution was allowed to stir for 24 
hours, then filtered with neutral alumina, and the solvent removed in vacuo.  The crude 
product was purified by silica gel chromatography with Iatrobeads using a gradient 
solvent system (10:2 -> 5:2 of CHCl3 : 10% NH4OHaq in MeOH) to give 16 (10.2 mg, 
8.88 umol, 62.5%). 1H NMR (500 MHz, Chloroform-d) δ = 8.85 (s, 1H), 7.44 (s, 1H), 
5.21 (dd, J=6.6, 3.2, 1H), 4.93 (s, 2H), 4.41 (td, J=13.1, 7.7, 5H), 4.19 – 3.86 (m, 3H), 
3.71 (d, J=6.3, 2H), 3.41 – 3.10 (m, 10H), 2.27 (q, J=7.7, 4H), 2.14 (t, J=6.5, 2H), 1.85 – 
1.46 (m, 12H), 1.46 – 1.03 (m, 60H), 0.87 (t, J=6.8, 9H). 13C NMR (126 MHz, CDCl3) δ 
= 173.19, 77.41, 77.36, 77.16, 76.91, 57.40, 34.48, 32.07, 29.85, 29.82, 29.80, 29.78, 
29.70, 29.62, 29.52, 29.49, 29.29, 29.16, 27.89, 25.94, 25.11, 22.84, 14.27. 31P NMR 
(CDCl3, 202 MHz) δ -0.61.  HRMS (ESI): Calcd. for C58H111O9N5PS3 [M+H]+ 
1148.7276, found 1148.7275.  

 
DSPC-CTA (17).  To 6 (18 mg, 0.0224 mmol, 1 eq) was added the azide-CTA 
(synthesized as previously described) (10 mg, 0.0224 mmol, 1 eq), CuBr (0.3 mg, 2.24 
umol, 0.1 eq), TBTA (1.19 mg, 2.24 umol, 0.1 eq) and sodium ascorbate (0.89 mg, 4.48 
umol, 0.2 eq) in 10% H2O in THF.  The orange solution was allowed to stir for 24 hours, 
then filtered with neutral alumina, and the solvent removed in vacuo.  The crude product 
was purified by silica gel chromatography with Iatrobeads using a gradient solvent 
system (10:2 -> 5:2 of CHCl3 : 10% NH4OHaq in MeOH) to give 17 (19.4 mg, 0.0154 
mmol, 68.7%). 1H NMR (500 MHz, Chloroform-d) δ 8.81 (s, 1H), 7.40 (t, J = 5.9 Hz, 
1H), 5.21 (dd, J = 3.1, 7.0 Hz, 1H), 4.92 (s, 2H), 4.41 (ddd, J = 4.7, 12.7, 23.0 Hz, 5H), 
4.11 (dd, J = 7.2, 12.0 Hz, 1H), 3.97 (q, J = 6.9, 7.4 Hz, 2H), 3.72 (s, 2H), 3.48 – 3.10 
(m, 11H), 2.27 (q, J = 7.8 Hz, 4H), 2.14 (t, J = 6.6 Hz, 2H), 1.83 – 1.48 (m, 13H), 1.45 – 
1.04 (m, 79H), 0.87 (t, J = 6.9 Hz, 9H). 13C NMR (126 MHz, CDCl3) δ 77.41, 77.36, 
77.16, 76.91, 32.08, 32.06, 29.88, 29.84, 29.82, 29.80, 29.78, 29.72, 29.62, 29.52, 29.50, 

H3C(H2C)11S S
O

H
N

S
N

NN

O
O

O

O

OP
O

O

O
N

H3C(H2C)11S S
O

H
N

S
N

NN

O
O

O

O

O
P
O

O

O
N



 
   

 14 

29.32, 29.29, 29.16, 27.89, 25.94, 22.84, 14.28. 31P NMR (202 MHz, CDCl3) δ -0.67.  
HRMS (ESI): Calcd. for C66H126O9N5NaPS3 [M+Na]+ 1282.8348, found 1282.8379.  
 

 
1,3 DMPC-CTA (18).  To 7 (15.7 mg, 0.0224 mmol, 1 eq) was added the azide-CTA 
(synthesized as previously described) (10 mg, 0.0224 mmol, 1 eq), CuSO4 (0.6 mg, 2.24 
umol, 0.1 eq), TBTA (1.19 mg, 2.24 umol, 0.1 eq) and sodium ascorbate (0.89 mg, 4.48 
umol, 0.2 eq) in 10% H2O in THF.  The orange solution was allowed to stir for 24 hours, 
then filtered with neutral alumina, and the solvent removed in vacuo.  The crude product 
was purified by silica gel chromatography with Iatrobeads using a gradient solvent 
system (10:2 -> 5:2 of CHCl3 : 10% NH4OHaq in MeOH) to give 18 (22.9 mg, 0.0199 
mmol, 89.0%). 1H NMR (500 MHz, Chloroform-d) δ = 8.83 (s, 1H), 7.41 (s, 1H), 4.92 (s, 
2H), 4.52 (dp, J=10.2, 5.2, 1H), 4.42 (dd, J=15.0, 8.1, 4H), 4.31 – 4.15 (m, 4H), 3.81 – 
3.55 (m, 2H), 3.43 – 2.94 (m, 12H), 2.26 (t, J=7.7, 4H), 2.13 (s, 2H), 1.76 – 1.43 (m, 
12H), 1.42 – 1.01 (m, 59H), 0.86 (t, J=6.9, 9H). 13C NMR (126 MHz, CDCl3) δ 173.66, 
173.13, 135.48, 77.41, 77.37, 77.16, 76.91, 57.34, 51.63, 37.27, 37.01, 34.29, 32.05, 
29.84, 29.79, 29.76, 29.70, 29.66, 29.60, 29.48, 29.33, 29.26, 29.14, 27.87, 25.92, 25.02, 
22.82, 14.25. 31P NMR (202 MHz, CDCl3) δ = -1.39.  HRMS (ESI): Calcd. for 
C58H111O9N5PS3 [M+H]+ 1148.7276, found 1148.7296. 
 

 
 
DOPC-CTA (19).  To 8 (18.1 mg, 0.0224 mmol, 1 eq) was added the azide-CTA 
(synthesized as previously described) (10 mg, 0.0224 mmol, 1 eq), CuSO4 (0.6 mg, 2.24 
umol, 0.1 eq), TBTA (1.19 mg, 2.24 umol, 0.1 eq) and sodium ascorbate (0.89 mg, 4.48 
umol, 0.2 eq) in 10% H2O in THF.  The orange solution was allowed to stir for 24 hours, 
then filtered with neutral alumina, and the solvent removed in vacuo.  The crude product 
was purified by silica gel chromatography with Iatrobeads using a gradient solvent 
system (10:2 -> 5:2 of CHCl3 : 10% NH4OHaq in MeOH) to give 19 (24.3 mg, 0.0193 
mmol, 86.3%). 1H NMR (500 MHz, Chloroform-d) δ 8.72 (s, 1H), 7.35 (t, J = 5.9 Hz, 
1H), 5.33 (h, J = 3.9, 4.6 Hz, 4H), 5.25 – 5.13 (m, 1H), 4.87 (s, 2H), 4.53 – 4.28 (m, 5H), 
4.09 (dd, J = 7.2, 12.1 Hz, 1H), 3.93 (q, J = 7.4 Hz, 2H), 3.69 (dd, J = 3.5, 6.9 Hz, 2H), 
3.49 – 2.99 (m, 17H), 2.26 (q, J = 7.5 Hz, 4H), 2.13 (t, J = 6.6 Hz, 2H), 1.99 (q, J = 6.5 
Hz, 8H), 1.79 – 1.46 (m, 12H), 1.46 – 1.03 (m, 61H), 0.86 (t, J = 6.8 Hz, 9H). 13C NMR 
(126 MHz, CDCl3) δ = 173.69, 173.17, 130.12, 129.79, 77.41, 77.16, 76.91, 63.01, 57.33, 
51.67, 37.28, 34.41, 34.22, 32.03, 29.89, 29.77, 29.45, 29.29, 29.14, 27.86, 27.33, 25.90, 
25.07, 25.00, 22.81, 14.25. 31P NMR (202 MHz, CDCl3) δ = -0.85.  HRMS (ESI): Calcd. 
for C66H123O9N5PS3 [M+H]+ 1256.8215, found 1256.8234. 
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DEPC-CTA (20).  To 9 (16.3 mg, 0.0224 mmol, 1 eq) was added the azide-CTA 
(synthesized as previously described) (10 mg, 0.0224 mmol, 1 eq), CuSO4 (0.6 mg, 2.24 
umol, 0.1 eq), TBTA (1.19 mg, 2.24 umol, 0.1 eq) and sodium ascorbate (0.89 mg, 4.48 
umol, 0.2 eq) in 10% H2O in THF.  The orange solution was allowed to stir for 24 hours, 
then filtered with neutral alumina, and the solvent removed in vacuo.  The crude product 
was purified by silica gel chromatography with Iatrobeads using a gradient solvent 
system (10:2 -> 5:2 of CHCl3 : 10% NH4OHaq in MeOH) to give 20 (17.1 mg, 0.0150 
mmol, 67.1%). 1H NMR (500 MHz, Chloroform-d) δ 8.88 (s, 1H), 7.47 (d, J = 6.0 Hz, 
1H), 4.91 (s, 2H), 4.42 (dd, J = 9.2, 15.9 Hz, 4H), 3.90 (q, J = 5.0 Hz, 2H), 3.67 (s, 2H), 
3.62 – 3.48 (m, 4H), 3.48 – 3.35 (m, 3H), 3.35 – 3.07 (m, 10H), 2.14 (p, J = 6.6 Hz, 4H), 
1.84 – 1.43 (m, 12H), 1.24 (d, J = 5.4 Hz, 74H), 0.87 (t, J = 6.8 Hz, 9H). 13C NMR (126 
MHz, CDCl3) δ 77.16, 77.11, 76.91, 76.65, 71.63, 70.44, 57.15, 51.49, 37.03, 31.83, 
30.09, 29.64, 29.61, 29.58, 29.55, 29.53, 29.48, 29.37, 29.28, 29.25, 29.04, 28.91, 27.63, 
26.03, 25.68, 22.60, 14.04. 31P NMR (202 MHz, CDCl3) δ -0.56.  HRMS (ESI): Calcd. 
for C62H123O7N5PS3 [M+H]+ 1176.8317, found 1176.8332. 
 

 
 
Chol-CTA (21).  To cholesteryl-succinic acid propargylamide (synthesized as previously 
described)[4] (11.7 mg, 0.0224 mmol, 1 eq) was added the azide-CTA (synthesized as 
previously described) (10 mg, 0.0224 mmol, 1 eq), CuSO4 (0.6 mg, 2.24 umol, 0.1 eq), 
TBTA (1.19 mg, 2.24 umol, 0.1 eq) and sodium ascorbate (0.89 mg, 4.48 umol, 0.2 eq) in 
10% H2O in THF.  The orange solution was allowed to stir for 24 hours, then filtered 
with neutral alumina, and the solvent removed in vacuo.  The crude product was purified 
by silica gel chromatography 1% MeOH in 3:1 (ethyl acetate: DCM) to give 21 (5.3 mg, 
5.5 umol, 24.4%). 1H NMR (600 MHz, Chloroform-d) δ = 7.61 (s, 1H), 6.76 (s, 1H), 6.49 
(s, 1H), 5.35 (dd, J=5.0, 1.9, 1H), 4.59 (dtd, J=11.7, 8.4, 4.3, 1H), 4.50 (d, J=5.7, 2H), 
4.33 (t, J=6.6, 2H), 3.35 – 3.11 (m, 4H), 2.64 (t, J=6.8, 2H), 2.49 (t, J=6.8, 2H), 2.34 – 
2.22 (m, 2H), 2.06 (dd, J=13.6, 7.0, 5H), 1.89 – 1.74 (m, 4H), 1.74 – 0.78 (m, 68H), 0.66 
(s, 3H). 13C NMR (151 MHz, CDCl3) δ = 173.17, 172.41, 171.72, 144.88, 139.72, 
122.82, 122.63, 77.37, 77.16, 76.95, 74.55, 57.23, 56.83, 56.29, 50.16, 47.97, 42.45, 
39.87, 39.65, 38.20, 37.35, 37.27, 37.11, 36.73, 36.32, 35.93, 35.23, 32.05, 32.00, 31.07, 
30.11, 29.94, 29.77, 29.76, 29.72, 29.69, 29.58, 29.47, 29.24, 29.10, 28.36, 28.15, 27.88, 
27.85, 25.95, 24.42, 23.98, 22.95, 22.82, 22.70, 21.17, 19.45, 18.86, 14.34, 14.26, 12.00. 
HRMS (ESI): Calcd. for C54H91O4N5NaS3 [M+Na]+ 992.6125, found 992.6140. 
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CholA-CTA (22).  To 3 (24.5 mg, 0.0579 mmol, 1 eq) was added the azide-CTA 
(synthesized as previously described) (28.5 mg, 0.0637 mmol, 1.1 eq), 
tetrakis(acetonitrile)copper(i) hexafluorophosphate (2.2 mg, 5.79 umol, 0.1 eq) and 
TBTA (3.1 mg, 5.79 umol, 0.1 eq) in dry MeOH.  The solution was allowed to stir for 24 
hours, then filtered with neutral alumina, and the solvent removed in vacuo.  The crude 
product was purified by silica gel chromatography with Iatrobeads using a gradient 
solvent system (2.5% -> 10% MeOH in 1:2 (ethyl acetate: DCM) then 10% MeOH in 
CHCl3) to give 22 (28.2 mg, 0.0324 mmol, 56%). 1H NMR (600 MHz, Chloroform-d) δ 
= 7.59 (s, 1H), 6.75 (t, J=6.1, 1H), 5.33 (d, J=5.0, 1H), 4.33 (t, J=6.7, 2H), 3.94 (s, 2H), 
3.23 (dt, J=35.2, 6.9, 4H), 2.51 (s, 1H), 2.28 (d, J=12.8, 1H), 2.19 – 1.74 (m, 8H), 1.74 – 
0.70 (m, 61H), 0.66 (s, 3H). 13C NMR (126 MHz, CDCl3) δ = 220.82, 173.18, 140.95, 
122.81, 121.58, 100.10, 77.41, 77.36, 77.16, 76.91, 70.68, 57.70, 57.19, 56.89, 56.24, 
50.30, 47.84, 42.42, 41.39, 39.88, 39.63, 39.13, 37.85, 37.30, 37.18, 37.13, 36.30, 35.91, 
32.05, 32.02, 31.96, 30.08, 29.78, 29.76, 29.69, 29.58, 29.48, 29.24, 29.10, 28.61, 28.36, 
28.14, 27.84, 25.93, 24.41, 23.94, 22.96, 22.83, 22.70, 21.12, 19.53, 18.84, 14.28, 11.99. 
HRMS (ESI): Calcd. for C50H87N5OS3 [M+H]+  869.6073, found. 
 
Synthesis of lipid-terminated glycopolymers 
 
General Method for synthesis of polymers.  All polymers were synthesized according 
to the following method: A mixture of lipid-CTA (1 eq) and MVK (freshly distilled 
twice, and filtered through neutral alumina) (200 eq for all polymers except for CholA 
Long (600 eq) and CholA Short (50 eq)) was added to a solution of AIBN (0.2 eq) in 2-
butanone (distilled and filtered through neutral alumina), 1:1 v/v 2-butanone to MVK, in 
a flame-dried Schlenk flask equipped with a stirbar.  The Schlenk flask was sealed and 
the solution degassed by 5 freeze-pump-thaw cycles of at least 5 min each, and finally 
backfilling with N2 to 1 atm.  The Schlenk flask was added to an oil bath at 70 °C and let 
stir for 6-18 hours.  The reaction was then cooled to room temperature and exposed to air 
to quench.  The polymers were transferred using THF and precipitated using excess 
hexanes.  The resulting polymers were redissolved in DCM and precipitated two more 
times.  The polymers were dried in vacuo, and NMR and GPC were then used to 
determine degree of polymerization and polydispersity index, respectively.  Polymers 
were then dissolved in DMF containing 5 equivalents of cysteamine to make a 2.4 mM 
solution of polymers.  The solution was degassed by 3 freeze-pump-thaw cycles of at 
least 5 min each, and backfilling with N2.  The solution was stirred at room temperature 
for 30 min or until all color was gone.  The polymers were transferred using THF, 
precipitated with hexanes, redissolved in CHCl3 and precipitated twice more.  The 
resulting polymers were dried in vacuo.  NMR was then used to confirm cleavage of the 
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trithiocarbonate.  Free-thiol terminal polymers were then dissolved in DMF to 2 mM and 
added to an equal volume of maleimide probe in DMF at 4 mM (to give 1 eq polymer and 
2 eq probe; either Alexa Fluor 488-maleimide or biotin-maleimide).  The solutions were 
degassed by 3 freeze-pump-thaw cycles of at least 5 min each, backfilled with N2, and let 
mix overnight at room temperature.  Probe-labeled polymers were precipitated from 
DMF with hexanes, collected, and the crude products dissolved into MeCN at 50 µL/mg 
polymer.  Aminooxy-GalNAc (synthesized as previously described)[5] 330 mM in sodium 
acetate buffer (50 mM, pH 5.5) was then added to the MeCN to give 1.1 equivalents 
animnooxy-GalNAc per degree of polymerization.  The mixture was brought to 50 °C 
and let react for 12 hours.  The MeCN was then removed and replaced with an equal 
volume of sodium acetate buffer (50 mM, pH 5.5).  The mixture was brought back to 50 
°C and let to continue reacting for 18 hours.  The resulting glycopolymers were separated 
by size-exclusion through a NAP-25 column (GE Life Sciences Inc.) containing 
Sephadex G-25 using ddH2O as the eluent to remove excess probe and aminooxy-
GalNAc.  The resulting solutions were then dialyzed for 24 hours with repeated changes 
of ddH2O to ensure removal of all excess reagents.  The solutions were then lyophilized 
to give the dual-end functionalized glycopolymers.  Percent conjugation of sugar was 
estimated using NMR of glycopolymers in D2O; integration of polyMVK backbone 
protons were compared to that of the anomeric protons on GalNAc residues.  NMR 
integrations are thus given below as relative quantities.  Probe-conjugation was 
confirmed by UV-Vis absorbance. 
 
Yields and characterization are as follows:    
 
DMPC-pMVK (P1). Polymerization of MVK with AIBN and 16 gave Polymer P1 as a 
yellow foam (78.9 mg, 79%). DPNMR = 213; Mn

NMR = 16 kDa. 1H NMR (500 MHz, 
Chloroform-d) δ = 4.43 (dd, J=29.9, 8.9, 2H), 3.32 (d, J=9.7, 4H), 2.96 – 0.91 (m, 
1350H), 0.86 (t, J=6.8, 9H). GPC (DMF, polymethyl methacrylate standard): PDIGPC = 
1.40. 
 
DMPC-pMVK-SH (P1ft). Reaction of P1 with cysteamine (5 eq) gave polymer P1ft as 
a white foam (22 mg, 69%). 1H NMR (500 MHz, Chloroform-d) δ = 3.31 (s, 5H), 3.02 – 
0.94 (m, 1337H), 0.86 (t, J=6.8, 6H). 
 
DMPC-pGalNAc-AF488 (P1-AF). Reaction of P1ft with maleimide probe, followed by 
aminooxy-GalNAc gave the orange solid (2.7 mg, 67.7%). Conversion (NMR): 76%; 
Mn

NMR = 54.8 kDa. 1H NMR (500 MHz, Deuterium Oxide) δ 5.35 (s, 1H), 4.49 – 3.04 
(m, 6H), 1.91 (d, J = 107.7 Hz, 12H). 
 
DMPC-pGalNAc-Biotin (P1-Bio). Reaction of P1ft with maleimide probe, followed by 
aminooxy-GalNAc gave the white solid (1.2 mg, 34%). Conversion (NMR): 70%; Mn

NMR 
= 51.7 kDa. 1H NMR (500 MHz, Deuterium Oxide) δ 5.34 (s, 1H), 4.39 – 3.38 (m, 6H), 
2.41 – 0.50 (m, 13H). 
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DSPC-pMVK (P2). Polymerization of MVK with AIBN and 17 gave Polymer P2 as a 
yellow foam (93.9 mg, 40%). DPNMR = 196; Mn

NMR = 15 kDa. 1H NMR (600 MHz, 
Chloroform-d) δ = 3.45 – 3.15 (m, 3H), 2.99 – 0.91 (m, 1279H), 0.86 (t, J=6.9, 9H). GPC 
(DMF, polymethyl methacrylate standard): PDIGPC = 1.44. 
 
DSPC-pMVK-SH (P2ft). Reaction of P2 with cysteamine (5 eq) gave polymer P2ft as a 
white foam (25.1 mg, 87%). 1H NMR (500 MHz, Chloroform-d) δ = 2.80 – 0.91 (m, 
1108H), 0.86 (t, J=6.8, 6H). 
 
DSPC-pGalNAc-AF488 (P2-AF). Reaction of P2ft with maleimide probe, followed by 
aminooxy-GalNAc gave the orange solid (2.2 mg, 55%). Conversion (NMR): 73%; 
Mn

NMR = 49.3 kDa. 1H NMR (500 MHz, Deuterium Oxide) δ = 5.33 (s, 1H), 4.38 – 3.38 
(m, 6H), 2.68 – 0.93 (m, 12H). 
 
DSPC-pGalNAc-Biotin (P2-Bio). Reaction of P2ft with maleimide probe, followed by 
aminooxy-GalNAc gave the white solid (1.3 mg, 26%). Conversion (NMR): 70%; Mn

NMR 
= 47.7 kDa. 1H NMR (500 MHz, Deuterium Oxide) δ = 5.34 (s, 1H), 4.40 – 3.31 (m, 6H), 
2.77 – 0.95 (m, 12H). 
 
 
DOPC-pMVK (P3). Polymerization of MVK with AIBN and 19 gave Polymer P3 as a 
yellow foam (199.7 mg, 74%). DPNMR = 181; Mn

NMR = 13.9 kDa. 1H NMR (600 MHz, 
Chloroform-d) δ = 5.32 (q, J=5.6, 4H), 5.22 (d, J=6.9, 1H), 4.89 (s, 1H), 4.39 (d, J=11.1, 
4H), 3.97 (s, 2H), 3.53 (s, 1H), 3.30 (d, J=10.8, 7H), 3.09 (p, J=8.3, 6.9, 1H), 2.86 – 0.91 
(m, 1167H), 0.86 (t, J=6.9, 9H). GPC (DMF, polymethyl methacrylate standard): PDIGPC 
= 1.31. 
 
DOPC-pMVK-SH (P3ft). Reaction of P3 with cysteamine (5 eq) gave polymer P3ft as a 
white foam (26.3 mg, 94.6%). 1H NMR (500 MHz, Chloroform-d) δ = 5.32 (p, J=5.3, 
3H), 2.80 – 0.92 (m, 1051H), 0.86 (t, J=6.8, 6H). 
 
DOPC-pGalNAc-AF488 (P3-AF). Reaction of P3ft with maleimide probe, followed by 
aminooxy-GalNAc gave the orange solid (3 mg, 58%). Conversion (NMR): 83%; Mn

NMR 
= 49.9 kDa. 1H NMR (500 MHz, Deuterium Oxide) δ 5.58 – 5.15 (m, 1H), 4.44 – 3.32 
(m, 6H), 2.67 – 0.92 (m, 10H). 
 
DOPC-pGalNAc-Biotin (P3-Bio). Reaction of P3ft with maleimide probe, followed by 
aminooxy-GalNAc gave the white solid (1.7 mg, 37%). Conversion (NMR): 81.3%; 
Mn

NMR = 44.1 kDa. 1H NMR (500 MHz, Deuterium Oxide) δ = 5.34 (s, 1H), 4.41 – 3.34 
(m, 6H), 2.73 – 0.66 (m, 12H). 
 
1,3 DMPC-pMVK (P4). Polymerization of MVK with AIBN and 18 gave Polymer P4 
as a yellow foam (112.7 mg, 62.3%). DPNMR = 189; Mn

NMR = 14.4 kDa. 1H NMR (500 
MHz, Chloroform-d) δ = 3.34 (s, 6H), 2.67 – 0.93 (m, 1478H), 0.87 (t, J=6.8, 9H). GPC 
(DMF, polymethyl methacrylate standard): PDIGPC = 1.32. 
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1,3 DMPC-pMVK-SH (P4ft). Reaction of P4 with cysteamine (5 eq) gave polymer P4ft 
as a white foam (17.5 mg, 88.3%). 1H NMR (600 MHz, Chloroform-d) δ = 3.35 (s, 4H), 
2.86 – 0.92 (m, 1211H), 0.87 (t, J=7.1, 6H). 
 
1,3 DMPC-pGalNAc-AF488 (P4-AF). Reaction of P4ft with maleimide probe, followed 
by aminooxy-GalNAc gave the orange solid (0.9 mg, 17%). Conversion (NMR): 69%; 
Mn

NMR = 45.7 kDa. 1H NMR (500 MHz, Deuterium Oxide) δ = 5.34 (s, 1H), 4.49 – 3.44 
(m, 6H), 1.91 (d, J=109.5, 12H). 
 
1,3 DMPC-pGalNAc-Biotin (P4-Bio). Reaction of P4ft with maleimide probe, followed 
by aminooxy-GalNAc gave the white solid (2.1 mg, 47.8%). Conversion (NMR): 72%; 
Mn

NMR = 46.9 kDa. 1H NMR (500 MHz, Deuterium Oxide) δ = 5.34 (s, 1H), 4.48 – 3.43 
(m, 6H), 1.91 (d, J=109.6, 12H). 
 
 
DEPC-pMVK (P5). Polymerization of MVK with AIBN and 19 gave Polymer P5 as a 
yellow foam (41.2 mg, 18.7%). DPNMR = 229; Mn

NMR = 17.2 kDa. 1H NMR (600 MHz, 
Chloroform-d) δ = 2.66 – 0.91 (m, 1614H), 0.87 (s, 9H). GPC (DMF, polymethyl 
methacrylate standard): PDIGPC = 1.66. 
 
DEPC-pMVK-SH (P5ft). Reaction of P5 with cysteamine (5 eq) gave polymer P5ft as a 
white foam (14.6 mg, 93%). 1H NMR (600 MHz, Chloroform-d) δ = 2.81 – 0.91 (m, 
1457H), 0.87 (s, 6H). 
 
DEPC-pGalNAc-AF488 (P5-AF). Reaction of P5ft with maleimide probe, followed by 
aminooxy-GalNAc gave the orange solid (1.2 mg, 26%). Conversion (NMR): 72.3%; 
Mn

NMR = 56.8 kDa. 1H NMR (500 MHz, Deuterium Oxide) δ = 5.34 (s, 1H), 4.41 – 3.45 
(m, 6H), 1.91 (d, J=108.4, 12H). 
 
DEPC-pGalNAc-Biotin (P5-Bio). Reaction of P5ft with maleimide probe, followed by 
aminooxy-GalNAc gave the white solid (2.2 mg, 44.9%). Conversion (NMR): 73.1%; 
Mn

NMR = 57 kDa. 1H NMR (500 MHz, Deuterium Oxide) δ = 5.34 (s, 1H), 4.40 – 3.45 
(m, 6H), 1.91 (d, J=107.6, 12H). 
 
 
Chol-pMVK (P6). Polymerization of MVK with AIBN and 21 gave Polymer P6 as a 
yellow foam (111.6 mg, 50%). DPNMR = 191; Mn

NMR = 14.4 kDa. 1H NMR (600 MHz, 
Chloroform-d) δ = 2.74 – 0.74 (m, 1110H), 0.66 (s, 3H). GPC (DMF, polymethyl 
methacrylate standard): PDIGPC = 1.32. 
 
Chol-pMVK-SH (P6ft). Reaction of P6 with cysteamine (5 eq) gave polymer P5ft as a 
white foam (22 mg, 78.9%). 1H NMR (600 MHz, Chloroform-d) δ = 2.70 – 0.75 (m, 
1187H), 0.66 (s, 3H). 
 
Chol-pGalNAc-AF488 (P6-AF). Reaction of P6ft with maleimide probe, followed by 
aminooxy-GalNAc gave the orange solid (1.1 mg, 24%). Conversion (NMR): 78%; 
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Mn
NMR = 50 kDa. 1H NMR (500 MHz, Deuterium Oxide) δ 5.34 (s, 1H), 4.40 – 3.45 (m, 

6H), 1.91 (d, J = 108.7 Hz, 12H). 
 
Chol-pGalNAc-Biotin (P6-Bio). Reaction of P6ft with maleimide probe, followed by 
aminooxy- GalNAc gave the white solid (2.1 mg, 51%). Conversion (NMR): 69.9%; 
Mn

NMR = 46.2 kDa. 1H NMR (500 MHz, Deuterium Oxide) δ = 5.34 (s, 1H), 4.40 – 3.46 
(m, 6H), 1.91 (d, J=109.0, 12H). 
 
 
CholA-pMVK (P7). Polymerization of MVK with AIBN and 22 gave Polymer P7 as a 
yellow foam (178.8 mg, 67%). DPNMR = 177; Mn

NMR = 13.3 kDa. 1H NMR (600 MHz, 
Chloroform-d) δ = 2.67 – 0.77 (m, 1167H), 0.66 (s, 3H). GPC (DMF, polymethyl 
methacrylate standard): PDIGPC = 1.42. 
 
CholA-pMVK-SH (P7ft). Reaction of P7 with cysteamine (5 eq) gave polymer P7ft as a 
white foam (23 mg, 93%). 1H NMR (600 MHz, Chloroform-d) δ = 2.66 – 0.75 (m, 
1097H), 0.66 (s, 3H). 
 
CholA-pGalNAc-AF488 (P7-AF). Reaction of P7ft with maleimide probe, followed by 
aminooxy-GalNAc gave the orange solid (0.6 mg, 10%). Conversion (NMR): 79.5%; 
Mn

NMR = 47 kDa. 1H NMR (500 MHz, Deuterium Oxide) δ = 5.34 (s, 1H), 4.46 – 3.17 
(m, 6H), 1.91 (d, J=108.7, 10H). 
 
CholA-pGalNAc-Biotin (P7-Bio). Reaction of P7ft with maleimide probe, followed by 
aminooxy-GalNAc gave the white solid (2.3 mg, 55%). Conversion (NMR): 73.7%; 
Mn

NMR = 44.4 kDa. 1H NMR (500 MHz, Deuterium Oxide) δ = 5.33 (s, 1H), 4.43 – 3.43 
(m, 6H), 1.91 (d, J=106.5, 12H). 
 
 
DPPE-pMVK-SH (P8ft). Reaction of DPPE-pMVK (synthesized as previously 
described)[6] with cysteamine (5 eq) gave polymer P8ft as a white foam (11 mg, 84.6%). 
1H NMR (600 MHz, Chloroform-d) δ = 2.70 – 0.93 (m, 829H), 0.87 (t, J=6.9, 6H). 
 
DPPE-pGalNAc-AF488 (P8-AF). Reaction of P8ft with maleimide probe, followed by 
aminooxy-GalNAc gave the orange solid (0.8 mg, 19%). Conversion (NMR): 85%; 
Mn

NMR = 65.3 kDa. 1H NMR (500 MHz, Deuterium Oxide) δ = 5.35 (s, 1H), 4.38 – 3.44 
(m, 6H), 1.91 (d, J=113.0, 11H). 
 
DPPE-pGalNAc-Biotin (P8-Bio). Reaction of P8ft with maleimide probe, followed by 
aminooxy-GalNAc gave the white solid (2.6 mg, 42%). Conversion (NMR): 62%; Mn

NMR 
= 50.1 kDa. 1H NMR (500 MHz, Deuterium Oxide) δ = 5.35 (s, 1H), 4.45 – 3.41 (m, 6H), 
1.92 (d, J=111.6, 12H). 
 
 
Long CholA-pMVK (P9). Polymerization of MVK with AIBN and 22 gave Polymer P9 
as a yellow foam (380 mg, 48%). DPNMR = 783; Mn

NMR = 55.7 kDa. 1H NMR (500 MHz, 
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Chloroform-d) δ = 2.65 – 0.77 (m, 7866H), 0.65 (s, 3H). GPC (DMF, polymethyl 
methacrylate standard): PDIGPC = 1.10. 
 
Long CholA-pMVK-SH (P9ft). Reaction of P9 with cysteamine (5 eq) gave polymer 
P9ft as a white foam (18.3 mg, 83.5%). DPNMR = 719; ; Mn

NMR = 51.3 kDa. 1H NMR 
(500 MHz, Chloroform-d) δ = 2.64 – 0.73 (m, 8937H), 0.66 (s, 3H). 
 
Long CholA-pGalNAc-AF488 (P9-AF). Reaction of P9ft with maleimide probe, 
followed by aminooxy-GalNAc gave the orange solid (2.1 mg, 48.9%). Conversion 
(NMR): 68%; Mn

NMR = 158.6 kDa. 1H NMR (500 MHz, Deuterium Oxide) δ = 5.34 (s, 
1H), 4.43 – 3.48 (m, 6H), 1.92 (d, J=111.0, 12H). 
 

Long CholA-pGalNAc-Biotin (P9-Bio). Reaction of P9ft with maleimide probe, 
followed by aminooxy-GalNAc gave the white solid (2.3 mg, 46%). Conversion (NMR): 
68%; Mn

NMR = 157.9 kDa1H NMR (500 MHz, Deuterium Oxide) δ 5.35 (s, 1H), 4.43 – 
3.44 (m, 6H), 1.92 (d, J = 111.5 Hz, 12H).  

 
Short CholA-pMVK (P10). Polymerization of MVK with AIBN and 22 gave Polymer 
P10 as a yellow foam (70 mg, 50%). DPNMR = 36; Mn

NMR = 3.4 kDa. 1H NMR (500 
MHz, Chloroform-d) δ = 5.27 (d, J=4.9, 1H), 4.36 (q, J=6.6, 2H), 3.77 (s, 1H), 3.36 (dd, 
J=10.5, 6.7, 2H), 3.23 – 3.04 (m, 2H), 2.84 (s, 2H), 2.75 – 0.73 (m, 289H), 0.63 (s, 3H). 
GPC (DMF, polymethyl methacrylate standard): PDIGPC = 1.2. 
 
Short CholA-pMVK-SH (P10ft). Reaction of P10 with cysteamine (5 eq) gave polymer 
P10ft as a white foam (17.6 mg, 85.9%). 1H NMR (600 MHz, Chloroform-d) δ = 5.29 (d, 
J=5.1, 1H), 4.38 (q, J=7.0, 2H), 3.96 (s, 1H), 3.80 (s, 1H), 3.17 (q, J=5.9, 2H), 2.87 (d, 
J=5.8, 2H), 2.73 – 0.70 (m, 244H), 0.66 (s, 3H). 
 
Short CholA-pGalNAc-AF488 (P10-AF). Reaction of P10ft with maleimide probe, 
followed by aminooxy-GalNAc gave the orange solid (1.2 mg, 35.3%). Conversion 
(NMR): 73%; Mn

NMR = 9.6 kDa. 1H NMR (500 MHz, Deuterium Oxide) δ = 5.33 (s, 1H), 
4.44 – 3.33 (m, 6H), 2.78 – 0.83 (m, 12H). 
 
Short CholA-pGalNAc-Biotin (P10-Bio). Reaction of P10ft with maleimide probe, 
followed by aminooxy-GalNAc gave the white solid (0.3 mg, 10%). Conversion (NMR): 
77%; Mn

NMR = 9.9 kDa 1H NMR (500 MHz, Deuterium Oxide) δ = 5.33 (s, 1H), 4.36 – 
3.19 (m, 6H), 2.73 – 0.78 (m, 13H). 
 
Supplementary Biological Methods 
 
Materials and General Methods. Biological reagents were obtained from commercial 
sources and used without further purification unless otherwise noted.  Alexa Fluor dye 
labeled anti-biotin antibodies and Alexa Fluor labeled Human Transferrin were obtained 
from Jackson ImmunoResearch.  CellTracker Green was obtained from Thermo Fisher 
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Scientific.  Anti-AF488 antibody and mammalian cell viability assay was obtained from 
Invitrogen.  Fibronectin was obtained from Sigma-Aldrich.  Flow cytometry was 
performed on a BD Biosciences Accuri C6.  Epifluorescence microscopy for cell viability 
studies in figure 4 was performed on a Zeiss Axiovert 200 M inverted microscope is 
equipped with a 175-W xenon lamp housed in a Sutter DG4 illuminator linked to 
the microscope by an optical fiber for shuttering and illumination.  Confocal microscopy 
for images in figures 2, 5 and S12 were acquired on a laser scanning Zeiss LSM 710 
AxioObserver.  TIRF was performed on a motorized objective-type TIRF inverted 
microscope system (Ti-E Perfect Focus System; Nikon) equipped with a Nikon LU4A 
laser source and images were recorded with a Nikon Andor DU-897 camera. Images were 
analyzed in ImageJ. 
 
Preparation of cellular substrates 
Glass coverslips for TIRF were prepared by aminopropyl silane and glutaraldehyde 
activation followed by conjugation with 10 µg/mL fibronectin as described.[7] Compliant 
polyacrylamide hydrogel substrates for soft gel assay (2.5% acrylamide, 0.03% Bis-
acrylamide) were prepared as previously described with one modification: 
functionalization with succinimidyl ester was with 0.01% N6, 0.01% Bis-acrylamide, 
0.025% Irgacure 2959, and 0.002% Di(trimethylolpropane) tetraacrylate (Sigma).[8] 
Following functionalization with succinimidyl ester, hydrogels were conjugated 
overnight with 20 µg/mL fibronectin at 4 °C and rinsed twice with PBS and DMEM 
before cell plating. 
 
Cell culture  
Dulbecco's phosphate-buffered saline, pH 7.4 (PBS) and RPMI-1640 media were 
purchased from Hyclone/Thermo Scientific.  α-MEM and DMEM/F12 media were 
obtained from Invitrogen Life Technologies, Inc. Fetal bovine serum (FBS) was obtained 
from HyClone Laboratories and heat-inactivated before use. Jurkats and MCF-10As were 
obtained from the American Type Culture Collection (ATCC).  mCherry-paxillin 
expressing MCF-10As were a generous gift from Matt Rubashkin, Matt Paszek and 
Valerie Weaver.  GFP-H2B expressing MCF-10As were a generous gift from Alex 
Hughes and Zev Gartner.  All cell lines were maintained at 37 °C and 5% CO2 in a water-
saturated incubator.  Jurkats were cultured in RPMI with 10% FBS and 1% pen/strep.  
MCF-10A cell lines were cultured in DMEM/F12 (with no phenol red) supplemented 
with 5% horse serum (Gibco), epithelial growth factor (Peprotech), hydrocortisone 
(Sigma), Cholera Toxin (Sigma), human Insulin (Sigma) and 1% pen/strep as 
described.[9]  
 
General procedure for polymer loading and analysis 
Cells were trypsinized if adherent, otherwise counted from suspension culture, then 
added to PBS to wash, pelleted, and brought up in minimal essential media and polymer 
solution (at 50 µM in PBS) to a total volume that gave 107 cells/mL and polymers at the 
desired concentration (and with cell tracker dye at 25 µM for proliferation studies).  Cells 
were incubated with polymers for 1 h at room temperature, then 1 mL PBS added and 
pelleted to wash away excess polymer.  Cells were then brought up in complete media 
and returned to culture (polymer cell-surface life-time studies, viability studies, 
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proliferation studies, and microscopy experiments), or brought up in 1% FBS in PBS and 
analyzed by flow cytometry immediately (incorporation efficiency studies, and zero-
hours timepoints for life-time studies).  For cell-surface lifetime studies, proliferation 
studies, and microscopy studies, Alexa Fluor labeled anti-biotin antibodies (647 for 
proliferation studies, and 488 for others) were used at 1:200 in 1% FBS in PBS at 4 °C 
for 20 min, then washed with ice cold 1% FBS in PBS and analyzed.  
 
Transferrin colocalization studies 
AF647-labeled human transferrin (20  µg/mL) was added for the second 30 min of 1 h 5 
µM AF488-capped polymer loading incubations.  Cells were let incubate at 37 °C for 15 
min, then fixed and imaged using confocal microscopy. 
 
Viability on soft-matrix assay 
MCF-10A cells were loaded with 2 µM polymers or PBS, then washed and brought up in 
warm complete media and seeded as single cells on fibronectin-functionalized 
polyacrylamide gels (see above for method of their construction), then incubated as 
normal.  After 24 hours, gels were gently rinsed with PBS and viability markers calcein-
AM and ethidium homodimer were added and let incubate in PBS for 1 h at 37 °C.  The 
gels were then immediately imaged by epifluorescence microscopy.  Cells undergoing 
apoptosis are permeable to ethidium homodimer, which turns on upon binding to double-
stranded DNA.  Calcein-AM is activated by cellular esterases.  Images were analyzed by 
ImageJ, and live and dead cells were counted using the cell counter toolbar. 
 
Total internal reflection fluorescence microscopy experiments 
For TIRF experiments, inducible mCherry-paxillin expressing MCF-10A cells 
(stimulated with doxycycline at 100ng/mL for 48 hours) were loaded with 10 µM biotin-
capped polymers, plated on fibronectin functionalized coverslips, let adhere for 2 hours at 
37 °C, and then fixed with 4% formaldehyde for 15 min at room temperature.  The fixed 
cells were labeled with anti-biotin antibody, then washed and imaged. 
 
Curve fitting 
MATLAB was used to fit exponential data to curves and to obtain half-lives where t1/2 = 
ln (2) / λ and cell-surface polymer decay is fit to the function N(t) = N0e-λt.  For double 
exponential kinetics, data was fit to the function N(t) = a*e-λ1t + b*e-λ2t  where t1/2

1 = ln 
(2) / λ1 and t1/2

2 = ln (2) / λ2. 
 
Quantitative image analysis 
TIRF images were quantified using ImageJ.  For colocalization, the Manders’ 
Colocalization Coefficients were determined with the JACoP plug-in.  For adhesion area 
calculations, the ImageJ analyze particles toolbar was used. 
 
Zebrafish husbandry and general methods 
Adult wild-type AB zebrafish were kept at 28.5 °C on a 14-h light/10-h dark cycle. 
Embryos were obtained from natural spawning and maintained at 28.5 °C in embryo 
medium (EM; 150 mM NaCl, 0.5 mM KCl, 1.0 mM CaCl2, 0.37 mM KH2PO4, 0.05 mM 
Na2HPO4, 2.0 mM MgSO4, 0.71 mM NaHCO3 in deionized water, pH 7.4) containing N-
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phenylthiourea (PTU; 0.2 mM). At 24 hours post-fertilization (hpf), embryos were 
dechorionated manually using forceps.  Embryos were developmentally staged according 
to Kimmel and coworkers.[10]  Experiments involving zebrafish were approved by the UC 
Berkeley Animal Care and Use Committee under Animal Use Protocol #R234. 
 
Microinjection of human cell lines 
At 48 hpf, embryos were anesthetized in EM containing PTU (0.2 mM) and tricaine (2.4 
mM). Approximately 200,000 GFP-H2B expressing MCF-10A cells (labeled with 
polymers as above) were suspended in 5 µL PBS.  The cell suspension was loaded into a 
borosilicate needle and 100-200 cells were injected into each embryo outside of the yolk 
near the sinus venosus.  After injection of cells, embryos were incubated at 28.5 °C in 
EM containing PTU (0.2 mM) for 1 h and subsequently transferred to an incubator 
maintained at 34 °C. 
 
Imaging 
Embryos were anesthetized in EM containing PTU (0.2 mM) and tricaine (2.4 mM) and 
mounted laterally on glass slides in 0.7% agarose.  Imaging was performed using a Zeiss 
LSM 710 AxioObserver confocal microscope.  After imaging, embryos were demounted 
and maintained at 34 °C in EM containing PTU (0.2 mM).  Imaging was performed at 3 
and 27 hours post-injection (hpi) and viable cells were counted using ImageJ.	  
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Chapter 2 
 
Exploring the role of the mucin ectodomain in metastasis  
 
Introduction 
 
 Cell surface mucins such as MUC1 and MUC16 are so consistently upregulated in 
epithelial cancers that they are considered reliable biomarkers of the disease.(1)(2) 
Despite their importance for diagnosis and prognosis, the mechanisms by which mucins 
might promote cancer progression remain largely speculative.(3) A striking and defining 
feature of cell-surface mucins is their long, densely glycosylated ectodomain, which can 
extend hundreds of nanometers from the plasma membrane.(4) Consequently, mucins can 
profoundly affect the bulk physical properties of the glycocalyx, exerting a thickening 
and stiffening effect.   

There is mounting evidence that such physical perturbations to the glycocalyx can 
induce reorganization of cell surface receptors and influence their interactions with the 
extracellular matrix (ECM) and other cells.(5,6) We recently demonstrated that a bulky 
glycocalyx might contribute to oncogenesis by bolstering integrin-mediated adhesion to 
the ECM.(5) By occluding the majority of binding sites, a large glycocalyx paradoxically 
promotes integrin clustering by creating a kinetic funnel in which integrins are most 
likely to bind the ECM where bonds are already formed.(7) This, in turn, promotes focal 
adhesion formation and thus signals to the cell that the microenvironment is of better 
adhesive merit than it would otherwise conclude. Using a soft hydrogel model of a 
minimal adhesion setting, we also found that simply bolstering the thickness of the 
glycocalyx increases survival of human mammary epithelial cells that would otherwise 
undergo anoikis.(5)(8)   

In addition to enhancing survival, integrin signaling contributes to cancer 
progression by driving cell proliferation.(9) A possible role for the cancer glycocalyx in 
modulating this aspect of integrin biology has not been explored. However, studies of 
MUC1’s effects on tumor progression in mice hint that the glycocalyx can influence 
stages of tumor growth that involve proliferation. For example, primary tumor xenografts 
that overexpress MUC1 grow and metastasize more aggressively (10) and mice deficient 
in MUC1 resist formation of spontaneous tumors.(11) 
 Herein, we report that increasing the thickness of the glycocalyx is sufficient to 
drive cell proliferation in models of the metastatic niche. We modulated glycocalyx 
thickness by coating cells with synthetic glycopolymers designed to emulate the structure 
of mucin ectodomains (Fig. 1A).(8) A cholesterylamine lipid on one end of the 
glycopolymer drives spontaneous insertion into cell membranes based on mass action.  
We previously found that this lipid confers a long cell-surface resident time on 
glycopolymer conjugates by mediating continuous recycling from an internal reservoir.  
The core of the glycopolymer comprises N-acetylgalactosamine (GalNAc) residues 
affixed to a poly (methyl vinyl ketone (MVK)) backbone via oxime linkages. The spacing 
afforded by this structure approximates that of GalNAc-α-Ser/Thr clusters within native 
mucins.  Likewise, GalNAc-modified poly (MVK) glycopolymers emulate the physical 



 
   

 29 

characteristics of native mucins such as length and stiffness.  However, unlike the more 
complex glycans found in native mucins, which can engage in biochemical interactions, 
the GalNAc residues we used here are considered biochemically inert in mammalian 
systems.(12) Thus, these synthetic structures allowed us to model mucins’ biophysical 
contribution to the glycocalyx without any confounding contributions from their cytosolic 
or extracellular biochemical activity. Also, the living polymerization chemistry used to 
generate the glycodomains enabled precise control of polymer length with high 
homogeneity. In this work, we used short glycopolymers of ~3 nm in length (degree of 
polymerization (DP) = 36 monomer units) and long glycopolymers that were ~ 90 nm in 
length (DP = 719 monomer units). As a point of comparison, integrin heterodimer pairs 
extend roughly 20 nm from the cell membrane (Fig. 1A).(13) 
 
Results 
 

We first sought to model the effects of mucin overexpression on metastasis in an 
in vivo model. The murine cell line 4TO7 is a Balb/c syngeneic mammary carcinoma that 
has an unusual metastatic limitation.(14) These cells are able to invade from a primary 
tumor site and extravasate to distal secondary tumor sites. Once there, however, 4TO7 
cells are limited in their ability to form macrometastatic lesions (mets), and most cells 
remain as micrometastases. This provided us with an ideal model with which to test the 
effects of a bulky glycocalyx on proliferation in the metastatic niche.  

We first confirmed that the mucin-mimetic glycopolymers were long-lived on 
4TO7 cell surfaces in culture, as previously found with other cell lines (Fig. 1B). Next, 
we grew mCherry-luciferase fusion-transfected 4TO7 cells to subconfluency, painted 
them with glycopolymers, then injected them into the tail veins of Balb/c mice (Fig. 1C). 
Veins lead directly to the right heart where cells next meet the capillary beds of the lungs 
and are lodged. Every 4-5 days mice were anesthetized and given an intraperitoneal (IP) 
injection of luciferin for bioluminescence imaging (BLI) (Fig. 1D). By day 13, mice 
injected with 4TO7 cells coated with long glycopolymers were generating greater photon 
flux, on average, than their counterparts injected with short glycopolymer-treated cells, 
suggesting a higher density of luciferase-expressing cells and thus an increased tumor 
burden (Figs. 1D and S1). In particular, we noted that the increase in BLI over time in the 
long glycopolymer group appeared to approximate an exponential-growth type trend, 
while the short group did not (Fig. S1). 

On day 15, the mice were sacrificed and necropsies were performed. We observed 
gross differences in tumor burden between glycopolymer treatment groups (compare 
Figures 1E and 1F). Lungs were weighed wet then fixed in 4% paraformaldehyde and 
embedded in paraffin wax for whole histological sectioning. Hematoxylin and eosin 
(H&E) staining revealed qualitative differences in tumor burden, and 
immunohistochemistry (IHC) staining for mCherry confirmed that tumors were derived 
from mCherry-luciferase transfected 4TO7 cells and did not arise de novo (Figs. 1G and 
1H).  

Lung tissue is spongy and consists of an abundance of negative space that can be 
filled with air during respiration. Tumors, by comparison, are dense and contain 
relatively little negative space. Consequently, in a vein-to-lung model of metastasis, lung 
mass can be a strong indicator of tumor burden. We found that the lungs of mice injected 
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Figure 1: Cell-surface glycopolymer length affects metastatic burden in a tail-vein 
metastasis model 
A) Mucin-mimetic glycopolymers consist of a poly(methyl vinyl ketone) polymer with pendant GalNAc 
residues. The glycopolymer terminates in a synthetic sterol for insertion into cell membranes. Precise 
synthetic control allows for glycopolymers to be made much larger or smaller than integrins. B) 
Glycopolymers reside on cell surfaces for days. C) Experimental scheme for Figure 1. Balb/c mice were 
injected with syngeneic 4TO7 mammary carcinoma cells bearing long or short glycopolymers. Tail vein 
injections lead cells to the capillary beds of the lungs where subsequent metastatic growth can be observed. 
D) Bioluminescence Imaging (BLI) of mice injected with either long or short glycopolymer-bearing cells. 
E) and F) Gross appearance of lungs excised from mice at 15 days post injection. G) and H) H&E staining 
and IHC labeling for mCherry indicating presence of exogenously introduced cells. I) Lungs excised during 
necropsy were weighed, wet, before fixing. J) Frank mets were counted on whole lung sections at 5 mm 
into sectioning for each mouse and grouped according to glycopolymer treatment type of injected cells. K) 
IF staining of mets for the mitotic marker pH3 or apoptotic marker CC3 in green. DAPI nuclear staining is 
shown in blue. L) and M) Quantification of IF signal. For pH3, shown is the quotient of positive over total 
nuclei. For CC3, total signal was normalized to the average signal per nuceli in mets from short 
glycopolymer treated cells. For both L and M, shown is the mean ± SEM of three mice per group from 
which 3-4 tumors were averaged each. For I and J, shown is the mean ± SEM of n = 6 for mice injected 
with short glycopolymer-treated cells and n = 5 for mice injected with long glycopolymer-treated cells. 
Scale bars are 100 µm. *p < 0.05, **p < 0.01 (Student’s paired t-test). 
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with 4TO7 cells endowed with a bulky glycocalyx were significantly heavier than lungs 
from mice injected with short glycopolymer-bearing cells (Fig. 1I). In addition to mass, 
we directly quantitated the number of mets per lung. For each mouse, we counted every 
met in the whole lung H&E section taken 5 millimeters (mm) into sectioning. Long 
glycopolymer-treated 4TO7 cells produced, on average, more than twice the number of 
mets per mouse (Fig. 1J). Thus, merely increasing the thickness of the glycocalyx was 
sufficient to increase the metastatic potential of otherwise poorly metastasizing murine 
carcinoma cells. However, we wondered if this increased metastatic potential was due to 
increased growth, survival, or both. 
 

 
Figure 2: A thick glycocalyx drives proliferation through the FAK-Akt axis 
A) and B) Microscopy of MCF-10A cells labeled with short or long glycopolymers, plated on soft (400 Pa) 
fibronectin-functionalized gels, and cultured for 72 hours. C) Average number of cells per colony in images 
such as B and C. D) Percent of colonies containing more than 2 cells in images such as B and C. E) 
Immunoblot analysis of proliferative markers in MCF-10A cells coated with long or short glycopolymers 
or treated with vehicle (PBS) and plated on soft (400 Pa) or stiff (60 kPa) fibronectin-functionalized 
polyacrylamide gels for six hours. F) Immunoblot of MCF-10A cells serum-starved for 72 hours, treated 
with long or short glycopolymers or vehicle and plated in serum-free media on soft or stiff gels for six 
hours. G) Immunoblot analysis of pAkt and pErk in serum-starved MCF-10A cells treated and plated as in 
F, allowed to adhere for six hours, then challenged with epidermal growth factor for 15 minutes, and lysed. 
H) Average number of cells per colony of long glycopolymer-bearing MCF-10A cells plated on soft gels in 
media containing 50 µM PI3K inhibitor LY294002 or vehicle (DMSO) and cultured for 72 hours. I) Cyclin 
D1 IF staining of mets from experiments in Fig. 1 in green. DAPI nuclear stain in blue. J) Quantification of 
IF staining normalized to the average signal per nuceli in mets from short glycopolymer treated cells. 
Shown is mean ± SEM of three mice per group from which 3-4 tumors were averaged each. For C, D, and 
H, shown is the mean ± SEM of three biological replicate experiments. For E-G, blots are representative of 
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experiments performed at least twice. Scale bars are 100 µm. *p < 0.05, **p < 0.01 (Student’s paired t-
test). 
 

Quantitative immunofluorescence (IF) imaging of phosphorylated histone H3 
(pH3)—a marker of mitosis—and cleaved caspase-3 (CC3)—a marker of apoptosis—
revealed that mets from long glycopolymer-treated cells had higher rates of proliferation 
than those from cells treated with short glycopolymers (Figs. 1K and 1L).  But, the rates 
of apoptosis were similar (Figs. 1K and 1M). While surprising at first, given our 
knowledge that a thick glycocalyx improves survival in minimal adhesion settings, we 
reasoned that by day 15 the survival phenotype had likely run its course—cells unable to 
survive in that niche may have died days earlier. These data corroborated our BLI results 
and indicated that the glycocalyx likely affects metastatic proliferative competency in 
vivo. 
 To gain mechanistic insight into this apparent proliferative effect, we tested the 
effects of modulating glycocalyx thickness on cell growth in a soft matrix in vitro model. 
We used fibronectin-functionalized polyacrylamide gels whose stiffness can be 
controlled by varying acrylamide concentration and crosslinking percentage.(15) The 
nonmalignant mammary epithelial cell line, MCF-10A, offers a unique model for 
oncogenic progression.(16) These cells, though immortal, lack the ability to grow 
efficiently in a soft matrix, and therefore served as an ideal cell line to evaluate effects of 
the glycocalyx on proliferation in settings that emulate the metastatic niche.(17) We 
treated MCF-10A cells with short or long mucin-mimetic glycopolymers, or with vehicle 
(PBS), then plated them at low density on fibronectin-functionalized soft polyacrylamide 
(PA) gels (Young’s modulus = 400 Pa). After 72 hours, we imaged the gels and 
quantified the number of cells in each observed colony. The long glycopolymer-treated 
cells formed colonies with, on average, twice as many cells as colonies formed by the 
short glycopolymer-treated cells or PBS-treated controls (Figs. 2A-C). And the 
percentage of colonies growing beyond two cells nearly tripled for long-glycopolymer-
treated cells verses PBS-treated controls, indicating that this increase in average colony 
size was not due merely to a few large colonies (Fig. 2D).  
 To test that this phenotype required cell-surface residence of the long 
glycopolymers, we compared the effects of the cholesterylamine-anchored molecules, 
which persist on the plasma membrane for several days even after cell division, with 
those of a phospholipid-functionalized glycopolymer that is lost from the cell surface 
within several hours.(8) Cells treated with these short-lived but equally long 
glycopolymers did not produce larger colonies compared to PBS treatment alone (Figs. 
S2A and S2B). Thus, the effects measured in Figs. 2C and 2D are likely mediated by 
glycopolymers resident on the cell surface. 
 We posited that increased proliferation must be accompanied by enhanced cell 
cycle progression. To test this hypothesis, we painted cells with short or long 
glycopolymers, or performed a mock treatment, then plated them on either soft (Young’s 
modulus = 400 Pa) or stiff (Young’s modulus = 60,000 Pa) fibronectin-functionalized PA 
gels, the latter being a positive control for integrin activation.(18) After allowing them to 
adhere for 6 hours, cells were lysed and immunoblots were performed. We found that 
cells offered a rich adhesion setting, such as those on stiff PA gels, produced higher 
levels of cyclin D (a protein required for cell cycle progression) and showed higher levels 
of pH3 than those within an adhesion-poor setting, such as the soft gels (Fig. 2E). Long 
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glycopolymer-treated cells also demonstrated increased cyclin D and pH3 levels 
compared to short glycopolymer- and PBS-treated cells, even on soft gels, suggesting that 
a thick glycocalyx drove proliferation and cell cycle progression even in this poor 
adhesion setting. 

Integrin activation and growth factor signaling form an “AND gate” for cell cycle 
progression in nontransformed cells.(19) We sought to determine whether a bulky 
glycocalyx alters this fundamental process driving cell proliferation. After serum-starving 
MCF-10A cells for 72 hours, we lifted them, painted them with long or short 
glycopolymers, or with vehicle. The cells were plated on gels as in Figure 2E, except now 
in serum-free media, and then lysed after 6 hours. A lack of growth factor signaling 
reduced cyclin D1 and pH3 levels to below the detection limit, even when cells were 
grown on stiff gels or endowed with a bulky glycocalyx (Fig. 2F). The underlying drivers 
of proliferation therefore, including growth factor signaling, appear to be unaltered by 
glycocalyx thickness in this model, but we still wondered where the increased cell cycle 
progression was being promoted from. 

Two mitogen activated protein kinases (MAPKs) are thought to be central to 
adhesion-mediated control of cell cycle progression: Erk and Akt.(20) Therefore we 
tested the response of modulating glycocalyx thickness on Erk and Akt signaling. After 
serum-starvation for 72 hours, cells were coated with glycopolymers or vehicle, then 
plated on gels in serum-free media for 6 hours. The cells were challenged with epidermal 
growth factor (EGF) for 15 minutes and then lysed. A bulky glycocalyx increased Akt 
activation on soft gels to a level that was comparable to Akt activation in cells on stiff 
gels (Fig. 2G). Erk activation, however, remained unchanged (Fig. 2G). Consistent with 
this finding, we repeated the colony formation experiments and found that even treated 
with long glycopolymers, cells treated with an inhibitor of phosphoinositol-3 kinase 
(PI3K)—an upstream activator of Akt—were unable to proliferate on soft matrices (Fig. 
2H). A bulky glycocalyx, therefore, seemed to be driving cell cycle progression via the 
PI3K-Akt axis.  

We confirmed the role of cell cycle progression by immunofluorescence staining 
of the lung mets from Figure 1. Mets in lungs from mice injected with cells bearing long 
glycopolymers expressed significantly more of the cell cycle progression marker cyclin 
D1 than those formed from cells expressing short glycopolymers (Figs. 2I and 2J).  

Next, we sought to test our hypothesis that this phenotype is driven by integrin-
FAK signaling. Western blotting with phospho-specific antibodies revealed that 
possession of a thick glycocalyx led to enhanced activation of focal adhesion kinase 
(FAK)—which disseminates adhesion information from focal adhesions to the rest of the 
cell—via autophosphorylation at tyrosine 397, as well as increased phosphorylation at 
tyrosine 925, presumably through Src kinase activation (Fig. 3A).(21) The effects on 
these signaling molecules were mirrored by adhesion of untreated cells to a stiff matrix. 
By contrast, cells coated with short glycopolymers and untreated cells, both plated on a 
soft matrix, showed comparatively less phosphorylation on FAK. Reciprocally, cells 
treated with long glycopolymers and a specific inhibitor of FAK were unable to form 
colonies on soft matrices, whereas DMSO-treated long glycopolymer-coated cells 
retained the ability (Fig. 3B).  
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Figure 3: A thick glycocalyx increases mechanosignaling 
A) Immunoblot analysis of FAK phosphorylation in MCF-10A cells coated with long or short 
glycopolymers or treated with vehicle (PBS) and plated on soft (400 Pa) or stiff (60 kPa) fibronectin-
functionalized polyacrylamide gels for six hours. B) Average number of cells per colony of long 
glycopolymer-bearing MCF-10A cells plated on soft gels in media containing 1 µM FAK inhibitor FAK14 
or vehicle (DMSO) and cultured for 72 hours.  C) pY397-FAK IF staining in green of mets from 
experiments in Fig. 1. D) Quantification of IF staining normalized to the average signal per nuceli in mets 
from short glycopolymer treated cells. Shown is mean ± SEM of three mice per group from which 3-4 
tumors were averaged each. E) A model by which a mucin-bolstered glycocalyx may drive proliferation. 
Limited ligand access due to steric hindrance establishes a kinetic funnel in which integrins are likely to 
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bind where bonds exist already. This drives a clustering of integrins that activates FAK which, in 
conjunction with EGFR, drives activation of Akt and subsequently cell cycle progression. Blot in A is 
representative of at least three biological replicate experiments. Shown in B is mean ± SEM from three 
biological replicate experiments. Scale bars are 100 µm. *p < 0.05 (Student’s paired t-test). 
 

To test that this enhancement of adhesion signaling is relevant in our in vivo 
model, we probed FAK activation in the tumors from our mets in Figure 1. Long 
glycopolymer-treated cells formed tumors with significantly more FAK activation than 
tumors formed from short-glycopolymer bearing cells, demonstrating that the effect of 
the glycocalyx on adhesion is relevant in vivo (Figs. 3C and D). These data, taken with 
the results in Figure 2, support a model for glycocalyx-dependent enhancement of 
proliferation in minimal-adhesion settings. A bulky glycocalyx drives integrin clustering 
through kinetic funneling, leading to increased signaling from focal adhesion-associated 
proteins such as FAK. In combination with growth factor signaling, this leads to 
enhanced MAPK activation, such as Akt phosphorylation, which leads to cell cycle 
progression through expression of proteins like the cyclins (Fig. 3E). 

Lastly, for physiological relevance, we evaluated the effects of a natural mucin 
ectodomain on the metastatic potential of 4TO7 cells. We utilized a cytoplasmic 
truncation of MUC1 (MUC1ΔCT), the mucin most commonly overexpressed in breast 
and ovarian cancers, to limit any cytoplasmic signaling which might confound our 
results. We transfected mCherry-luciferase expressing 4TO7 cells with MUC1ΔCT under 
the control of a doxycycline (dox)-inducible promoter. We grew these cells to 
subconfluence, treated them with doxycycline (200 ng/ml) or PBS vehicle for 24 hours, 
then lifted them and immediately injected them into Balb/c mouse tail veins (Fig. 4A). As 
previously, mice were monitored every 4-5 days via BLI measurements and sacrificed on 
day 15.  

BLI photon flux revealed that MUC1ΔCT-expressing cells formed mets that were 
growing more rapidly than those formed from MUC1ΔCT-negative cells (Fig. S3). 
Whole lung sectioning, H&E staining and IHC on mCherry revealed a dramatic 
qualitative difference in tumor burden (Figs. 4B and 4C). Wet lung mass was nearly 
doubled in mice injected with MUC1ΔCT-expressing cells versus control (Fig. 4D). 
Nearly three times the number of mets formed in the lungs of mice injected with cells 
expressing the mucin ectodomain compared to those that were not (Fig. 4E). IF revealed 
that more than twice the number of nuclei in MUC1ΔCT-expressing cells were actively 
mitotic (via pH3 staining). And while the values weren’t statistically significant (p = 
0.06), CC3 signal was trending towards lower values in those mets (Figs. 4F-H). Staining 
for pY397-FAK and cyclin D1 demonstrated that the MUC1 ectodomain increases 
mechanosignaling and cell cycle progression in these lung mets, further supporting our 
model (Figs. 4I-K). These results dramatically demonstrate the effect that mucin 
overexpression can have on metastatic cells in vivo. 
 
Conclusion 

 
Mucin overexpression is commonly observed in epithelial cancers. MUC1 

specifically is overexpressed in ~64% of tumors of all types diagnosed each year in the 
U.S.,(22) rendering MUC1 one of the most prominently dysregulated genes in cancer. As 
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a point of reference, Ras (K-, H- and N-RAS combined) mutations are estimated to occur 
in 9-30% of all cancers.(23) Hypotheses regarding the mechanism by which MUC1  

 
Figure 4: The MUC1 ectodomain is sufficient to increase metastatic potential of 
4TO7 cancer cells 
A) Experimental scheme for Figure 4. Balb/c mice were injected with syngeneic 4TO7 mammary 
carcinoma cells transfected with a MUC1ΔCT construct under the control of a doxycycline (dox)-inducible 
promoter. Cells were treated with either dox 200 ng/ml or vehicle (PBS) for 24 hrs before injections. B) 
and C) Whole lung sections H&E stained and IHC labeled for mCherry indicating presence of exogenously 
introduced cells. D) Lungs excised during necropsy were weighed, wet, before fixing. E) Frank mets were 
counted on whole lung sections at 5 mm into sectioning for each mouse and grouped according to treatment 
type of injected cells. F) IF staining of mets for the mitotic marker pH3 or apoptotic marker CC3 in green. 
DAPI nuclear staining is shown in blue. G) and H) Quantification of IF signal. For pH3, shown is the 
quotient of positive over total nuclei. I) Cyclin D1 and pY397-FAK IF staining of mets in green. DAPI 
nuclear stain in blue. J) and K) Quantification of IF signal. For H, J, and K, total signal was normalized to 
the average signal per nuceli in mets from PBS treated cells. Shown is mean ± SEM of three mice per 
group from which 3-4 tumors were averaged each. For D and E, shown is the mean ± SEM of n = 6 for 
mice injected with short glycopolymer-treated cells and n = 6 for mice injected with long glycopolymer-
treated cells. Scale bars are 100 µm. *p < 0.05, **p < 0.01, ***p<0.001 (Student’s paired t-test).  
 
overexpression drives cancer progression have focused almost entirely on biochemical 
interactions of its 72-residue cytosolic domain (22), which represents <10% of the overall 
protein sequence. The bulk of MUC1 resides outside the cell where it dominates the 
physical properties of the glycocalyx. In previous work, we showed that this ectodomain 
profoundly influences focal adhesion formation, integrin signaling and survival in a 
minimal adhesion setting.(5) But this effect alone cannot explain the striking influence of 
MUC1 ectodomain expression on metastatic burden that we observed in this study (Fig. 
4), and our results imply that drugs targeting the cytoplasmic tail of MUC1 will be 
missing a key pathophysiological mechanism. Our finding that a bulkified glycocalyx, 
achieved either with synthetic or natural mucins, enhances cell proliferation in a 
metastatic setting unifies the structure of mucins with their consistent overexpression in 
metastatic disease.(24) It may also explain the especially poor prognosis associated with 
high mucin expression.(2,25–27)  

It should be noted that in addition to their physical influence, the glycans on 
mucins have been found to participate in biochemical interactions. For example, 
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sialylated mucin-associated glycans engage the Siglec family of immunomodulatory 
receptors and may therefore tune the response of critical effector cells in the tumor 
microenvironment.(28–30) Thus, mucins’ influence on cancer likely reflects many 
functional modalities, each contributing differentially to various facets of disease 
progression. From this vantage point, mucins are prime targets for therapeutic 
intervention and warrant increased focus on avenues for their disruption.    
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Experimental Methods 
 
Mucin-mimetic glycopolymers 
Glycopolymers were synthesized as previously described. Briefly, lipid-conjugated 
RAFT agents were synthesized from which methyl vinyl ketone was polymerized to 
generate polymers of various lengths with low polydispersities. The ketone pendant 
groups were functionalized with alkoxy-amine containing N-acetyl galactosamine 
monomers and purified to give the final lipid-terminated glycopolymers. 
 
Cell culture 
MCF-10As were acquired from ATCC and maintained in recommended media: 
DMEM/F12 without phenol red supplemented to contain 5% horse serum (Invitrogen), 
EGF (20 ng/ml from Peprotech), hydrocortisone (0.5 mg/ml from Sigma), cholera toxin 
(100 ng/ml from Sigma), insulin (10 mg/ml from Sigma) and 1% penicillin/streptomycin.  
 
4TO7 cells were a kind gift from Dr. Philip Owens (Vanderbilt University) and met the 
morphologic characteristics described on ATCC and maintained in DMEM with 10% 
FBS and 1% penicillin/streptomycin. 
 
mCherry-Luciferase transfection 
4TO7 cells were stably transduced with an mCherry-luciferase fusion with lentivirus 
(pLV). Cells were selected with puromycin then used as described. 
 
MUC1ΔCT transfection 
4TO7 cells were stably transduced with reverse tetracycline-controlled transactivator 
(rtTA, tet-on system) lentivirus (pLV-neo). After neomycin (100ug/mL) selection of 
rtTA-integration, cells were co-transfected (Lipofectamine 3000, Thermo Fisher, per 
manufacturer’s recommendation) with a transposon (PiggyBac) expressing human 
MUC1ΔCT (cytoplasmic tail-deleted) and PiggyBac transposase. Cells were selected in 
puromycin (1ug/mL) for purity and then used as described. 
 
Polyacrylamide cell substrates 
Fibronectin-functionalized PA substrates were synthesized as described previously with a 
few modifications. Briefly, methacrylate-functionalized cover glass was used with 
dichlorodimethylsilane-functionalized cover glass to create a sandwich between which 
PA gels were allowed to polymerize. Gels were functionalized with the 
heterobifunctional molecule N6. Then fibronectin was added to conjugate it to the N6 
through amine-coupling chemistry. Gels were rinsed and warmed before cells were 
added.  
 
Colony formation experiments 
MCF-10A cells were lifted with trypsin, counted, then incubated with 10 mM polymers 
in PBS or PBS alone at 107 cells per ml for 1 hour at room temperature. Cells were 
washed, then brough up into warm media and plated onto fibronectin-functionalized 
substrates. After 72 hours in culture, images were taken from 9 random fields of view 



 
   

 39 

each from 2 technical replicate gels per experimental condition, and the experiment was 
replicated in entirety thrice.  
 
Western blots 
MCF-10A cells were lifted and coated with polymers as in the colony experiments. Six 
hours after plating at 4.6 x 103 cells per cm2, the cells were lysed with M-PER lysis 
buffer (Thermo Fisher) containing phosphatase inhibitors and protease inhibitors. Lysates 
were subjected to SDS-PAGE and transferred to nitrocellulose membranes. Primary 
antibodies were from Cell Signaling Technology and used as recommended. HRP-
conjugated secondary antibodies were from Cell Signaling Technology and used as 
recommended.  
 
Mice 
All mice were maintained in accordance with University of California Institutional 
Animal Care and Use Committee guidelines under protocol AN105326. Four week old 
female Balb/c mice were obtained from Jackson Labs and allowed to acclimate for 2 
weeks before experiments were performed. 
 
Tail vein metastasis model 
Mice were restrained and tail vein injections were performed with 100 µl at 106 cells per 
ml. For bioluminescence imaging, mice were injected i.p. with D-luciferin at 15mg/kg, 
anesthetized with 2.5% isofluorane and allowed to circulate for 10 minutes prior to live 
animal imaging on an IVIS Spectum imaging system (PerkinElmer).  
 
Histology 
Paraffin-embedded lung tissues were sectioned, deparaffinized, and stained with 
hematoxylin and eosin before imaging.  
 
Immunohistochemistry 
Paraffin-embedded lung tissues were sectioned at 5 µm, deparaffinized, and rehydrated 
using graded ethanol washes. Sodium citrate buffer was used for antigen retrieval. 
Sections were blocked with BSA then incubated with primary antibodies overnight. Anti-
mCherry antibodies were from Abcam and used as recommended. Biotinylated secondary 
antibodies were from Cell Signaling Technology and used as recommended. DAB 
peroxidase substrate kit from Vector Labs was used as recommended. Sections were then 
dehydrated using graded ethanol washes and mounted in Permount (Sigma). Mounted 
sections were imaged by light microscopy.  
 
Immunofluorescence 
Paraffin-embedded lung tissues were sectioned at 5 µm, deparaffinized, and rehydrated 
using graded ethanol washes. Sodium citrate buffer was used for antigen retrieval. 
Sections were blocked with BSA then incubated with primary antibodies overnight. pH3 
antibodies were from Cell Signaling Technology and used as recommended. Fluorescent 
secondary antibodies were from Jackson ImmunoResearch and used as recommended. 
Sections were wet-mounted then imaged by confocal microscopy. 
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Quantification of immunofluorescence 
After microscopy, images were analyzed using ImageJ software. DAPI-stained nuclei 
were counted using the ‘Analyze particles’ tool. Signal from antibodies of interest was 
measured using the ‘Measure’ tool set to output ‘mean’ pixel intensity. Quotients were 
obtained by dividing either the number of positive nuclei (pH3) or mean pixel intensity 
(other antibodies) by the number of nuclei. Quotients were normalized to negative 
controls and plotted as normalized average signal per cell.
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Chapter 3 
 
Targeting the tumor glycocalyx as a therapeutic strategy 
 
Introduction 
 

Therapies that enhance the immune response to cancer are proving revolutionary 
in the fight against intractable tumors (1-3). Immune cells integrate signals from 
activating and inhibitory receptors to determine their response to a challenging target—
activating signals alert them to the presence of pathology while inhibitory signals tell the 
cell that it has confronted a “healthy self”. Successful tumors evolve mechanisms to 
thwart immune cell recognition, often by overexpressing ligands for inhibitory receptors 
(4, 5). This discovery has led to new therapeutic strategies aimed at blocking inhibitory 
immune cell signaling, as embodied in the clinically approved T cell checkpoint 
inhibitors nivolumab and ipilimumab, which target PD-1 and CTLA-4, respectively (1, 
6). Ongoing pre-clinical studies have focused on combining therapies targeting multiple 
immunologic pathways. For example, antibodies against PD-1/PD-L1 in combination 
with those targeting other T cell checkpoints demonstrate improved anti-tumor activity in 
syngeneic tumor models (7-10). A powerful complement to these interventions are 
emerging therapies targeting innate immune cells, particularly natural killer (NK) cells 
(11), macrophages (12) and dendritic cells (13, 14). It is likely that combination therapies 
that simultaneously stimulate activating pathways and limit inhibitory pathways, across 
both the adaptive and innate immune compartments, will ultimately transform clinical 
treatment of cancer. 

The “sialome” is a central axis of immune modulation that has not yet been 
explored in the context of cancer therapy (15-17). When sufficiently abundant, glycans 
terminating in sialic acid residues create a signature of “healthy self” that suppresses 
immune activation via several pathways (18). Most prominently, cell-surface sialosides 
can recruit sialic acid-binding Ig-like lectins (Siglecs) found on most types of leukocytes 
to the immunological synapse (19). Thus, sialylation status plays an important role in a 
cell’s ability to trigger or evade immunological recognition. 

Upregulation of sialosides has long been correlated with poor prognosis and 
decreased immunogenicity of tumors (16, 18, 20), but the mechanistic significance of this 
widespread tumor phenotype was unclear. Several recent studies implicate cancer 
hypersialylation as a mechanism of immune evasion mediated by Siglecs (21-26). For 
example, we found that dense populations of sialylated glycans can recruit NK cell-
associated Siglecs to the immune synapse (Fig. 1A) (22). Like PD-1, the NK cell Siglecs-
7 and -9 possess cytosolic immunoreceptor tyrosine-based inhibitory motifs (ITIMs) that 
mediate suppression of signals from activating NK cell receptors (Fig. 1A) (27-29). 
Accordingly, hypersialylation of tumor targets protects them from innate NK cell killing 
as well as antibody-dependent cell-mediated cytotoxicity (ADCC) in a Siglec-7-
dependent manner (22). Likewise, enzymatic removal of sialic acids by treatment of 
tumor cells with sialidase potentiates NK cell-mediated killing, as does inhibition of 
Siglec-7 or –9 with blocking antibodies (22, 23, 25).   
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Sialylation of cancer cell glycans also disrupts the interaction of the NK-
activating receptor natural killer group 2D (NKG2D) with its cognate ligands, thus 
reducing NK-activating signals derived from tumor cells (Fig. 1A) (21). Conversely, 
removal of cell-surface sialic acids enhances NK cell activation by increasing NKG2D-
ligand binding (21). Thus, during the microevolutionary process of tumor progression, 
hypersialylation provides a selective advantage by reducing NK activating signals while 
enhancing NK inhibitory signals emanating from the immune synapse.  

 

	  

Figure	  1|	  A	  glycocalyx	  approach	  to	  cancer	  immunotherapy	  targeting	  the	  sialic	  
acid	   axis	   of	   immune	   modulation.	   (A)	   In	   sialic	   acid-‐overexpressing	   cancer	   cells,	  
hypersialylated	  glycans	  interact	  with	  NK	  inhibitory	  receptors,	   leading	  to	   inhibition	  
of	  NK	  cell	  activation.	  (B)	  Removal	  of	  cell-‐surface	  sialic	  acids	  by	  an	  antibody-‐sialidase	  
conjugate	   (T-‐Sia)	   abolishes	   the	   interaction	  of	   sialylated	  glycans	   and	  NK-‐inhibitory	  
Siglec	  receptors	  and	  increases	  the	  binding	  between	  NK-‐activating	  NKG2D	  receptor	  
and	  its	  ligands,	  thereby	  enhancing	  the	  tumor	  cell	  susceptibility	  to	  NK	  cell-‐mediated	  
ADCC.	  	  

 
Given the critical protective role of sialic acid against innate immune surveillance 

and ADCC, we reasoned that tumor-specific desialylation could be a powerful 
intervention that potentiates cancer cytolysis by NK cells. Here, we report that an 
antibody-enzyme conjugate (AEC) can selectively edit the tumor cell glycocalyx and 
potentiate NK cell killing by ADCC, a therapeutically important mechanism harnessed by 
many antibody cancer drugs (30, 31). We chemically fused a recombinant sialidase to the 
HER2-targeting therapeutic monoclonal antibody trastuzumab (Tras). The antibody-
sialidase conjugate desialylated tumor cells in a HER2-dependent manner, destroyed 
ligands for inhibitory Siglecs while enhancing NKG2D binding, and amplified NK cell 
killing compared to Tras alone (Fig. 1B). Precision glycocalyx editing with AECs may 
therefore add new breadth to the growing list of cancer immune therapy concepts. 
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Results 
 
Evaluation of Vibrio cholerae Sialidase Activity on ADCC 

Vibrio cholerae produces a sialidase particularly well suited for our purposes; it is 
known to desialylate Siglec ligands and is capable of cleaving a variety of sialic acid 
linkage types (23, 25). V. cholerae sialidase was expressed and purified as described 
previously (32, 33). The purity of the protein was determined by SDS-PAGE and ESI-
MS analyses (Fig. S1A and S1B, respectively). In accord with previous reports (32) 
approximately 15 mg of enzyme was purified from 1 liter of cultured cells, with an in 
vitro hydrolytic activity of more than 9.2 ± 0.4 U/mg as measured with the fluorogenic 
substrate 2’-(4-methylumbelliferyl)-α-D-N-acetylneuraminic acid (MuNeuNAc). To 
confirm that V. cholerae sialidase removes sialic acids from cell-surface glycans, we 
tested its effects on FITC-Sambucus nigra agglutinin (SNA) labeling of multiple breast 
cancer cell lines (Fig. 2A). We also evaluated the effects of V. cholerae sialidase 
treatment on cell labeling with receptor-Fc chimeras comprising the ectodomains of 
Siglec-7, Siglec-9 or NKG2D (29, 34). Desialylation of various breast cancer cell lines by 
V. cholerae sialidase significantly reduced binding of Siglec-7-Fc (Fig. 2B) and Siglec-9-
Fc (Fig. 2C) chimeras while increasing binding to NKG2D-Fc (Fig. 2D).   
	  

	  
Figure 2. Levels of SNA, Siglec-7, Siglec-9 and NKG2D ligands on breast cancer cell 
lines. (A) Analysis of cell-surface sialylation levels of different breast cancer cell lines 
with or without sialidase treatment. (B) Ligand levels of Siglec-7 on different breast 
cancer cell lines with or without sialidase treatment. (C) Ligand levels of Siglec-9 on 
different breast cancer cell lines with or without sialidase treatment. (D) Ligand levels of 
NKG2D on different breast cancer cell lines with or without sialidase treatment. 
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To determine the effects of sialidase treatment on cancer cell susceptibility to 
ADCC, we assayed three breast cancer cell lines expressing various levels of HER2 
(SKBR3, HER2+++; MDA-MB-453, HER2++; and BT-20, HER2+; Fig. S2) in the 
presence of 30 nM Tras using purified human peripheral blood NK cells (Fig. S3). All 
three cell lines showed enhanced killing after sialidase treatment, with the most 
pronounced effect observed with HER2-low BT-20 cells (Fig. S4). We speculate that for 
HER2-high cell lines, such as SKBR3, high levels of opsonization likely lead Fc 
receptors to dominate the interaction between immune and tumor cells resulting in lower 
effects from sialidase treatment. To validate that the enhanced ADCC was due to 
sialidase enzymatic activity, we performed a similar experiment using heat-inactivated V. 
cholerae sialidase, which showed no activity in the in vitro fluorogenic enzyme assay nor 
on cell-surface sialosides (Fig. S5A-E). No enhancement in ADCC was observed after 
treatment of breast cancer cells with catalytically inactive enzyme (Fig. S5F).  
 
	  

	  

Figure	   3|	   Preparation	   and	   characterization	   of	   antibody-‐sialidase	   conjugate.	  
(A)	   Preparation	   of	   antibody-‐sialidase	   conjugates.	   Aldehyde-‐tagged	   trastuzumab	  
(Tras)	   is	   conjugated	   to	   an	   azide-‐containing	   PEG	   spacer	   using	   oxime	   chemistry.	   In	  
parallel	  sialidase	  is	  nonspecifically	  decorated	  with	  BCN	  via	  amine-‐functionalization	  
chemistry,	   allowing	   for	   a	   convergent	   synthesis	   of	   the	   final	   sialidase-‐antibody	  
conjugate	  (T-‐Sia)	  via	  copper-‐free	  click	  chemistry.	  (B)	  SDS-‐PAGE	  analysis	  of	  sialidase,	  
trastuzumab	   (Tras),	   and	   trastuzumab-‐sialidase	   conjugate	   (T-‐Sia)	   under	   non-‐
reducing	  (Lane	  3,	  4,	  and	  5)	  and	  reducing	  conditions	  (Lane	  6,	  7,	  and	  8),	  visualized	  by	  
coomassie	  staining.	  Pre-‐stained	  protein	  ladder:	  Lane	  1,	  2	  and	  9.	  	  
 
Construction of a Trastuzumab-Sialidase Conjugate (T-Sia) 

Having identified a sialidase capable of cleaving Siglec-7 and -9 ligands while 
also activating NKG2D ligand activity, we next sought to target the enzyme to HER2-
expressing cells via Tras conjugation. In principle, localizing sialidase activity to tumor 
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cell surfaces in this fashion would potentiate NK cell killing while limiting nonspecific 
desialylation of bystander cells. A key concern in designing the trastuzumab-sialidase 
conjugate (T-Sia) was to identify a site for enzyme attachment that would not undermine 
binding to FcgRIII (CD16), the activating receptor on NK cells that initiates ADCC. We 
took inspiration from the field of antibody-drug conjugates (ADCs) where sites of 
attachment have been tailored to avoid interference with immune effector functions (35). 
Accordingly, we chose to link V. cholerae sialidase near the C-terminus of Tras’ heavy 
chain, far from the CH2 domain at which FcgRIII binds (36, 37). We used the aldehyde 
tag method for site-specific conjugation based on precedents of its use in the assembly of 
protein-protein chemical fusions (38) as well as site-specific ADCs (35). We obtained 
Tras bearing a C-terminal aldehyde tag as previously described (39). The functionalized 
antibody was first coupled to aminooxy-tetraethyleneglycol-azide (aminooxy-TEG-N3) 
(Fig. 3A, S6D). Separately and in parallel, V. cholerae sialidase was non-specifically 
functionalized on lysine residues with bicyclononyne-N-hydroxysuccinimide ester (BCN-
NHS). After an overnight reaction, excess linker was removed and the extent of BCN-
NHS modification of the sialidase was determined by ESI-MS (Fig. S6B). Finally, Tras 
adorned with the azide-functionalized linker was conjugated to BCN-functionalized V. 
cholerae sialidase via copper-free click chemistry (Fig. 3A) (38). The desired conjugate 
(T-Sia) was purified using a size-exclusion column and its apparent molecular weight (ca. 
312 kDa, two sialidase molecules per IgG) was confirmed by SDS-PAGE (Fig. 3B). Both 
reducing SDS-PAGE and ESI-MS analysis confirmed that the sialidase was covalently 
linked to the heavy chain of Tras (Figs. 3B, S6E). Sialidase activity of T-Sia was 
evaluated using the fluorogenic in vitro assay. To our delight, more than 85% of the 
enzymatic activity remained after the chemical conjugation process (Fig. S7).  
 

	  

Figure	   4|	   Visualization	   and	   quantitation	   of	   T-‐Sia’s	   tissue-‐specific	   selective	  
activity.	  Cell-‐surface	  sialic	  acid	  on	  the	  HER2-‐high	  expressing	  cell	  line,	  SKBR3,	  can	  be	  
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selectively	   removed	   using	   6	   nM	  T-‐Sia	   in	   the	   presence	   of	   HER2-‐negative	   cell	   lines	  
MDA-‐MB-‐468.	  SKBR3	  and	  MDA-‐MB-‐468	  cells	  were	  co-‐cultured	  then	  treated	  or	  not	  
with	  T-‐Sia	   for	   1	   h,	   and	   co-‐stained	  with	  Alexa	   Fluor	   647-‐anti	  HER2,	   FITC-‐SNA	   and	  
DAPI	  before	  imaging	  by	  confocal	  microscopy	  (left	  panel).	  Cell-‐surface	  sialylation	  and	  
HER2	   levels	  were	   also	   quantitatively	   determined	  by	   flow	   cytometry	   (right	   panel).	  
Scale	  bar,	  25	  μm.	  
 
T-Sia Selectively Desialylates HER2-Positive Cells 

To determine whether T-Sia can specifically remove sialic acids from HER2-
expressing cells, HER2-positive SKBR3 cells and HER2-negative MDA-MB-468 cells 
were mixed or plated separately and either treated with T-Sia or buffer alone. The cells 
were then labeled with anti-HER2-alexafluor 647, FITC-SNA and DAPI. As shown in 
the microscopy images of Figs. 4 and S8A, treatment with 6 nM T-Sia for 1 h resulted in 
selective desialylation (as determined by loss of SNA labeling) of SKBR3 cells. We 
quantified the change in SNA labeling by flow cytometry analysis as well (Fig. 4, right 
panel). Sialosides on MDA-MB-468 cells were minimally affected, suggesting that T-Sia 
is capable of tumor-selective glycocalyx editing (Fig. 4). At a dose 10-times higher, 
however, 60 nM T-Sia demonstrated more promiscuity, partially desialylating the HER2-
negative MDA-MB-468 cells (Fig. 4). This observation underscores the utility of 
antibody targeting to achieve a high local concentration of cell surface enzyme activity at 
low conjugate doses, and further demonstrates how antibody conjugation might limit off-
target effects of a cell surface-editing enzyme in an in vivo setting as HER2 negative 
tissues are spared. 
 
T-Sia Potentiates ADCC Compared to Trastuzumab Alone 

To assess the activity of T-Sia in orchestrating ADCC, we performed cytotoxicity 
assays with BT-20 cells and peripheral blood NK cells, comparing Tras, T-Sia and free 
sialidase at comparable concentrations. As shown in Fig. 5A, T-Sia significantly 
potentiated the killing response compared to Tras alone at various effector/target (E/T) 
ratios. NK cells showed minimal killing of BT-20 targets in the presence of sialidase 
alone. A similar cytotoxicity trend was observed using whole peripheral blood 
mononuclear cells (PBMCs) (Fig. S9A). Depletion of NK cells from PBMCs eliminated 
both Tras and T-Sia-mediated cytotoxicity, confirming their central role in the ADCC 
response (Fig. 5B). We performed similar experiments using breast cancer cell lines with 
various HER2 levels: SKBR3 and HCC-1954, HER2+++; MDA-MB-453, HER2++; ZR-
75-1, BT-20 and MDA-MB-231, HER2+; and MDA-MB-468, HER2-negative. For cells 
with low levels of HER2 (HER2+), T-Sia was significantly more potent than Tras alone 
in mediating cell killing (Figs. 5C and S10). By contrast, cells that express high levels of 
HER2 (HER2+++) showed only modest enhancements in killing (10-15%) by T-Sia 
compared to Tras alone. These data indicate that cancer cells expressing lower levels of 
HER2, which might not elicit effective ADCC when sialylated, can be rendered 
vulnerable to NK cell killing once sialosides are removed. 
 
ADCC Potentiation Correlates with Siglec Ligand Abundance 

Previous studies have suggested that hypersialylation of cancer cells results in the 
reduced binding of activating receptor NKG2D as well as enhanced binding of inhibitory 
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receptors, Siglec-7 and Siglec-9, thus reducing NK-mediated cytotoxicity (21-23). We 
noted that potentiation of killing by T-Sia versus Tras correlated with Siglec-7 (Fig. 5D) 
ligand abundance (and weakly with Siglec-9 ligand abundance Fig. 5E) as determined by 
flow cytometry using Siglec-Fc chimeras. Treatment of BT-20 and ZR-75-1 cells—those 

	  

Figure	   5|	   In	   vitro	   activity	   of	   trastuzumab	   and	   T-‐Sia	   against	   different	   HER2-‐
expressing	  cancer	  cells.	  (A)	  Cytotoxicity	  assays	  performed	  with	  BT-‐20	  cells	  in	  the	  
absence	  or	  presence	  of	  sialidase	  (30	  nM),	  Tras	  (30	  nM)	  and	  T-‐Sia	  (30	  nM)	  using	  NK	  
cells	  at	  various	  E/T	  ratios.	  (B)	  Cytotoxicity	  assays	  performed	  with	  BT-‐20	  cells	  in	  the	  
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absence	  or	  presence	  of	  sialidase	  (30	  nM),	  Tras	  (30	  nM)	  and	  T-‐Sia	  (30	  nM)	  using	  NK	  
cell-‐depleted	   PBMCs.	   (C)	   The	   trend	   seen	   in	   the	   enhancement	   of	   ADCC	   correlated	  
with	   Siglec-‐7-‐Fc	   (D)	   and	   Siglec-‐9-‐Fc	   (E)	   but	   not	   NKG2D-‐Fc	   (F)	   binding	   levels	   for	  
various	  breast	  cancer	  cell	  lines.**P	  <	  0.005.	  
 
 with the highest expression of Siglec-7 and Siglec-9 surface ligands—with T-Sia 
enhanced ADCC by more than 2-fold compared to Tras alone. In contrast, the conjugate 
offered little enhancement of ADCC against MDA-MB-453 cells, which have the lowest 
expression of Siglec-7 and Siglec-9 ligands. Earlier we showed that sialidase treatment of 
cancer cells increases binding of NKG2D-Fc (Fig. 2D), which we considered as another 
possible contributor to ADCC enhancement. However, there was no correlation between 
sialidase-dependent enhancement of NKG2D ligand activity and ADCC enhancement by 
T-Sia versus Tras (Fig. 5F). Collectively, these data indicate that loss of Siglec ligands 
contributes more to T-Sia’s ADCC enhancement than the concomitant gain of NKG2D 
binding activity.  

To further investigate the roles of Siglec-7, Siglec-9 and NKG2D in modulating 
ADCC, we tested the effects of blocking antibodies in NK cell killing assays with Tras. 
Anti-Siglec-7 and anti-Siglec-9 antibodies significantly enhanced NK cell cytotoxicity 
against BT-20 cells in the presence of Tras, but not with a mixture of Tras and sialidase 
(Fig. S11). By contrast, blocking the NKG2D receptor had not effect on ADCC in the 
presence of Tras, but diminished ADCC in the presence of Tras and sialidase (Fig. S11). 
These results indicate that Siglec ligands protect tumor cells from ADCC and reinforce 
the notion that sialic acids mask NKG2D ligands. 

 

	  
	  
Figure	  6|	  Fluorescence	  microscopy	  analysis	  of	  Siglec-‐7	  distribution	  on	  NK	  cells	  
with	   trastuzumab	  or	  T-‐Sia	   treatments.	  Siglec-‐7	  displayed	  recruitment	  to	  the	  NK	  
cell	   (white	   arrows)	   synapse	   with	   Tras	   treatment.	   After	   removing	   sialic	   acids	   on	  
SKBR3	  cells	  using	  T-‐Sia,	  Siglec-‐7	  recruitment	  to	  the	  NK-‐tumor	  synapse	  is	  lost.	  Scale	  
bar,	  10	  μm.	  	  
 
T-Sia Remodels the Tumor-NK Cell Synapse 

The NK cell response is the result of a calculation based on engagement of 
activating and inhibitory receptors colocalized at the immune synapse. In previous work, 
we demonstrated that hypersialylated cancer cells recruit Siglec-7 to the NK cell synapse, 
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resulting in inhibitory signaling through its ITIM domain (22). To assess the effects of 
Tras or T-Sia treatment on NK cell receptor distribution, we treated SKBR3 cells with the 
conjugate and imaged NK cell-target synapses formed during the process of ADCC. Cells 
were fixed and labeled with fluorescent antibodies against Siglec-7, HER2 and FcγRIII  
and imaged by fluorescence microscopy. With Tras treatment, Siglec-7 co-localized with 
FcγRIII at the immune synapse formed with NK cells, consistent with its role as an 
inhibitory receptor of NK cell activation (Fig. 6). In contrast, SKBR3 cells treated with 
T-Sia show little recruitment of Siglec-7 despite an efficient recruitment of FcγRIII. 
Thus, T-Sia effectively remodels the NK-cancer cell synapse while promoting ADCC. 
 
T-Sia is More Potent than Tras Alone against Cells with Low Levels of HER2 

In order to compare the potency of T-Sia to direct ADCC versus Tras alone, we 
measured the dose response for cytotoxicity using four different breast cancer cell lines: 
SKBR3 (HER2+++), ZR-75-1 (HER2+), BT-20 (HER2+), MDA-MB-468 (HER2-
negative). Compared to Tras, T-Sia was more cytotoxic against all three HER2-
expressing cell lines at an E/T ratio of 4. Interestingly, T-Sia’s advantage was most 
pronounced with cells expressing low levels of HER2 (ZR-75-1 and BT-20), whereas the 
conjugate was only slightly more potent in eliciting ADCC against cells with high HER2 
levels (Fig. 7A-C, EC50 values shown in Table S1). Little lysis of the HER2-negative 
MDA-MB-468 cells was observed with either Tras or T-Sia (Fig. 7D). For all HER2-
expressing cell lines, T-Sia was more potent than a mixture of Tras and unconjugated 
sialidase, underscoring the importance of tumor-targeted cell-surface localization (Table 
S1).  
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Figure	   7|	   Cytotoxic	   activity	   of	   NK	   cells	   against	   different	   HER2-‐expressing	  
cancer	   cells	   with	   trastuzumab	   or	   T-‐Sia	   as	   a	   function	   of	   concentration.	  
Cytotoxicity	  assays	  were	  performed	  with	  NK	  cells	  and	   target	  cells	  at	  a	  4:1	  ratio	   in	  
the	   presence	   of	   different	   concentrations	   of	   Tras	   or	   T-‐Sia.	   Cytolytic	   activity	   was	  
determined	  by	  measuring	  the	  amount	  of	  lactate	  dehydrogenase	  (LDH)	  released	  into	  
cultured	  media.	  Error	  bars	  represent	  standard	  deviation	  of	  triplicate	  samples.	  N.D.	  
indicates	  not	  determined.	  

 
 
Conclusion 
 

Trastuzumab is heralded as a triumph of precision medicine. However, although 
74% of breast cancer patient biopsies show HER2 expression, only those patients with 
the highest levels of HER2 expression (~20%) have been found to respond and are thus 
eligible for this treatment (40). And of those considered eligible, only about 18% will 
respond at all to the single agent alone, and combination therapies reach 50-80% response 
rates at their best (41). Therefore, the vast majority of HER2-positive breast cancer 
patients (>80%) are either ineligible for or unresponsive to trastuzumab therapy. Much 
effort has been directed toward identifying mechanisms underlying trastuzumab’s lack of 
efficacy in this large patient population but a possible role for the cancer glycocalyx has 
been essentially ignored (42).   

Our data suggest that sialylated glycans can protect breast cancer cells from 
trastuzumab-mediated ADCC by NK cells, raising the intriguing possibility that the sialic 
acid axis of immune modulation may contribute to clinical drug resistance. We targeted 
this axis with a new type of AEC that functions as a precision cancer immune therapy. 
Treatment of tumor cells with T-Sia destroyed ligands for NK cell inhibitory Siglecs, 
enhanced binding of the activating receptor NKG2D, and also recruited FcγRIII to the 
tumor-immune synapse. Interestingly, T-Sia’s benefits compared to trastuzumab alone 
were most pronounced with tumor targets expressing low levels of HER2 and higher 
levels of Siglec ligands. This observation supports a model in which NK cells engage in a 
calculation at the synapse that integrates inputs from both activating and inhibitory 
signals. Tumor targets with high HER2 levels can deliver a strong activating signal 
through FcgRIII with or without Siglec inhibition. But tumor cells with lower HER2 
levels can counter these activating signals with recruitment of Siglecs to the immune 
synapse. In this situation, blocking Siglecs engagement by precision glycocalyx editing 
can tip the scale toward NK cell activation. This has potentially significant implications 
regarding the ability to treat patients with HER2 levels deemed too low for a trastuzumab 
response. 

T-Sia can also expose tumor cells to other immune pathways. There are 14 
members of the human Siglec family and 9 of these possess ITIM motifs. They are 
expressed on almost every type of immune cell and their engagement has been linked to 
the suppression of B cells, T cells, neutrophils, macrophages and dendritic cells (26, 43-
45). Further, the ITIM-containing PILRα immune receptor recognizes sialylated mucin-
type ligands and is thought to negatively regulate neutrophil infiltration during 
inflammation (46). Therefore, T-Sia may enable tissue-specific panactivation of the 
innate immune system and potentially act as a bridge to adaptive immunity as well. We 
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are actively pursuing the effect of T-Sia on the interaction of tumor cells with each of 
these other innate immue cell types. And, sialylated glycans also modulate humoral 
immunity. They recruit complement factor H to cell surfaces and thereby block the 
alternative complement cascade, protecting cells from complement-mediated lysis (47). 
Our future work includes studying the effect of T-Sia in more complex tumor milieu as 
well as optimizing it in ways critical for translation, such as perusing the use of human 
sialidases which might limit immunogenicity of the conjugate. The multitude of immune 
functions that are modulated by sialosides provide ample selective pressure to enrich a 
hypersialylated phenotype during the course of tumor evolution, and conversely, a rich 
opportunity for cancer immune therapy.  
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Materials and Methods 
PBS buffer, DPBS buffer, DMEM, RPMI-1640 media and heat-inactivated fetal bovine 
serum were obtained from Corning-Mediatech. X-VIVO 15 serum-free media was 
purchased from Lonza. LB agar, 2xYT and Antibiotic-Antimycotic were purchased from 
Fisher Scientific and 4-12% Bis-Tris gels for SDS-PAGE were purchased from Bio-Rad. 
Heat-inactivated human male AB serum was purchased from Sigma-Aldrich. Human 
recombinant IL-2 was purchased from Biolegend. Absorbance spectra were measured 
with a SpectraMax i3x (Molecular Devices). Pierce High-Capacity Endotoxin Removal 
Spin Columns, Pierce LAL Chromogenic Endotoxin Quantitation Kit and LDH 
cytotoxicity assay kit were obtained from Thermo Fisher Scientific. Bicyclononyne-N-
hydroxysuccinimide ester (BCN-NHS) and aminooxy-tetraethyleneglycol-azide 
(aminooxy-TEG-N3) were purchased from Berry & Associates, Inc. 2’-(4-
Methylumbelliferyl)-α-D-N-acetylneuraminic acid (MuNeuNAc) was obtained from 
Biosynth International Inc. All other chemicals were purchased from Sigma-Aldrich and 
used without further purification. 
 
The following antibodies and recombinant proteins were used: Human recombinant 
Siglec-7-Fc chimera, Siglec-9-Fc chimera, NKG2D-Fc chimera proteins, AF488-labeled 
anti-Siglec-7 mAb (clone 194211) and blocking anti-NKG2D mAb (clone 149810) were 
purchased from R&D Systems. Fluorescein isothiocyanate (FITC)-labeled Sambucus 
nigra (SNA) lectin was obtained from EY Laboratories. AF647-labeled anti-Her2 mAb 
(clone 24D2), AF647-labeled anti-CD16 mAb (clone 3G8), AF647-labeled anti-CD56 
mAb (clone HCD56), blocking anti-Siglec-7 mAb (clone S7.7), blocking anti-Siglec-9 
mAb (clone K8) were obtained from Biolegend. TRITC-labeled anti-Fc mAb was 
purchased from Jackson Immunoresearch. FITC-labeled anti-CD3 mAb (clone 
BW264/56) was purchased from Miltenyi Biotec. Humanized trastuzumab with C-
terminal aldehyde-tag was a gift from Catalent Pharma Solutions (Emeryville, CA).  
 
Expression and Purification of Sialidase. Escherichia coli C600 transformed with 
plasmid pCVD364 containing the Vibrio cholerae sialidase gene was a gift from Prof. 
Eric R. Vimr, University of Illinois, Urbana-Champaign (32, 33). Cells were grown in 
2xYT media, supplemented with ampicillin (100 µg/mL) at 37 °C for 12 hours. After 
incubation, the cells were harvested by centrifugation at 4, 700 × g for 10 min. And the 
pellet was resuspended in osmotic shock buffer (20 % sucrose, 1 mM EDTA, 30 mM 
Tris-HCl, pH 8.0) and shaken gently for 10 min at room temperature. The cells were 
collected by centrifugation (9, 000 × g for 10 min) and the pellets were resuspended in 
ice-cold pure water. After a 10 min incubation at 4 °C, the supernatant was obtained by 
centrifugation at 9, 000 × g for 10 min. To purify the protein, the sample was further 
concentrated using an Amicon ultrafiltration device (membrane molecular mass cutoff, 
30, 000 Da), reconstituted in 0.02 M Tris-HCl buffer (pH 7.6), and loaded onto a 
HitrapQ-HP anion-exchange column (GE Healthcare Life Sciences, 17-1154-01). The 
protein was eluted with a gradient of NaCl in 0.02 M Tris-HCl buffer (pH 7.6) at a flow 
rate of 5 mL/min. The protein fractions with expected molecular mass as determined by 
SDS-PAGE stained with coomassie brilliant blue were collected and pooled. Endotoxins 
were removed using high-capacity endotoxin removal spin kit (Thermo Fisher Scientific, 
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88275) and the endotoxin concentration of the sample was determined by LAL 
chromogenic endotoxin quantitation kit (Thermo Fisher Scientific, 88282).  
 
Activity Assay of Sialidase using MuNeuNAc. To identify hydrolytic activity of 
sialidase, 5 µL of sialidase (30-60 nM in DPBS buffer with Ca2+ and Mg2+, pH 7.0) was 
added to 50 µL solution containing 0.1 mM 2’-(4-methylumbelliferyl)-α-D-N-
acetylneuraminic acid (MuNeuNAc, Biosynth International Inc.) in DPBS buffer with 
Ca2+ and Mg2+ (pH 7.0). After incubation for 10 min at 37 °C, the mixture was diluted 
with 150 µL of 0.1 M glycine-NaOH buffer, pH 10.4. Fluorescence was read with a 
fluorescence spectrophotometer (excitation 360 nm; emission 440 nm). 
 
Preparation of T-Sia. Purified Vibrio cholerae sialidase (2 mg/mL in DPBS buffer with 
Ca2+ and Mg2+, pH 7.0) was reacted with 12 equivalent of bicyclononyne-N-
hydroxysuccinimide ester (BCN-NHS) at 4 °C overnight. Excess linker was removed 
using a PD-10 Desalting Column (GE Healthcare Life Sciences, 17-0851-01). The degree 
of labeling was determined by ESI-MS (Fig. S6B). Humanized Tras with C-terminal 
aldehyde-tag was produced as described previously (48). T-Sia was prepared by first 
coupling Tras with C-terminal aldehyde-tag (120 µM) to aminooxy-tetraethyleneglycol-
azide (aminooxy-TEG-N3) (10 mM) in 100 mM ammonium acetate buffer, pH 4.5, at 37 
°C for 10 days, followed by buffer-exchange into DPBS buffer with Ca2+ and Mg2+ (pH 
7.0) using a PD-10 Desalting Column (GE Healthcare Life Sciences, 17-0851-01). The 
resulting conjugate was then coupled to labeled sialidase at 1:28 molar ratio at 120 
mg/mL total protein concentration in DPBS buffer with Ca2+ and Mg2+ (pH 7.0). After a 
3-day incubation at room temperature, T-Sia was purified by size exclusion 
chromatography Superdex 200. The purified product was analyzed by SDS-PAGE gel 
and ESI-MS. 
 
Cell Cytotoxicity Assay. Antibody-dependent cell-mediated cytotoxicity (ADCC) was 
analyzed by measuring lactate dehydrogenase (LDH) release from breast cancer cells as a 
result of ADCC activity of peripheral blood mononuclear cells (PBMCs) or NK cells. 
Tumor cells (target cells) were co-incubated with PBMCs or NK cells (effector cells) at 
various effector/target (E/T) ratios in the presence or absence of sialidase or mAbs in 
triplicate. In a typical experiment, 100 µL of PBMCs or NK cells were added to a V-
bottom 96-well plate containing 100 µL of target cells at 2 × 105 cells/mL. After 4 hours, 
supernatants were collected, and LDH release was measured using a LDH cytotoxicity 
assay kit (Thermo Fisher Scientific, 88954) according to the manufacturer’s protocol. 
The absorbance at 490 nm was measured with a SpectraMax i3x (Molecular Devices). 
Specific lysis was calculated as 100 × (experimental - effector cells spontaneous release - 
target cells spontaneous release) / (target cells maximum release - target cells 
spontaneous release). 
 
Fluorescence Microscopy. For visualization of HER2-specific enzymatic activity of the 
conjugate: cells were incubated with various concentrations of T-Sia in PBS buffer for 1 
hour at 37 °C. After washes with PBS, cells were then fixed with 4% formaldehyde at 
room temperature for 20 min. The fixed cells were washed with 0.5% BSA in PBS three 
times, followed by blocking in PBS with 0.5% BSA for 1 hour. Cells were incubated with 
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FITC-labeled SNA (1:100) and AF647-labeled anti-Her2 antibody (1:100) in 0.5% BSA 
in PBS for 30 min at room temperature in the dark with gentle shaking. After washing 
thrice with 0.5% BSA in PBS, DAPI (1:1250 dilution from a 10 mM stock) was added 
right before imaging with a Nikon A1R+ Resonant Scanning Confocal Microscope. 
 
For visualization of NK-tumor cell synapses: tumor cells were incubated with 6 nM Tras 
or 6 nM T-Sia in PBS buffer for 1 hour at 37 °C. Freshly isolated NK cells were added to 
tumor cells at an E/T ratio of 2:1 and incubated together for 15 min at 37 °C. After 
washing with PBS, cells were fixed with 4% formaldehyde in PBS for 20 min at room 
temperature. The fixed cells were washed with 0.5% BSA in PBS three times, followed 
by blocking in PBS with 0.5% BSA for 1 hour. Cells were incubated with a mixture of 
AF488-labeled anti-Siglec 7 (1:100), TRITC-labeled anti-Fc (1:400), and AF647-labeled 
anti-CD16 (1:100) in PBS buffer for 30 min at room temperature in the dark with gentle 
shaking. After washing thrice with 0.5% BSA in PBS, DAPI (1:1250 dilution from a 10 
mM stock) was added right before imaging with a Nikon A1R+ Resonant Scanning 
Confocal Microscope. 
 
Cell lines and cell culture. Breast cancer cells SKBR3, HCC-1954, MDA-MB-453, ZR-
75-1, BT-20, MDA-MB-231, and MDA-MB-468 were obtained from American Type 
Culture Collection (ATCC). SKBR3, HCC-1954, ZR-75-1, and MDA-MB-468 were 
maintained in RPMI-1640 media supplemented with 10 % heat-inactivated fetal bovine 
serum, plus 0.4 % Antibiotic-Antimycotic and L-glutamine (300 mg/L). MDA-MB-453, 
BT-20, and MDA-MB-231 were maintained in DMEM media supplemented with 10 % 
heat-inactivated fetal bovine serum, plus 0.4 % Antibiotic-Antimycotic, L-glucose (4.5 
g/L), L-glutamine (584 mg/L) and sodium pyruvate (110 mg/L). 
 
PBMCs were obtained from healthy blood bank donors and were isolated using Ficoll-
Paque (GE Healthcare Life Sciences, GE-17-1440-02) density gradient separation. NK 
cells were isolated from PBMCs by negative selection using the MACS NK cell isolation 
kit (Miltenyi Biotec, 130-092-657) and LS columns (Miltenyi Biotec, 130-042-401) 
according to the manufacturer’s protocol and cultured in X-VIVO 15 supplemented with 
5 % heat-inactivated human male AB serum (Sigma-Aldrich), and 100 ng/mL 
recombinant human interleukin-2 (IL-2) (Biolegend) overnight before using. NK cell 
enrichment was verified by flow cytometry to result in > 95 % CD56+/CD3- cells (Fig. 
S3). 
 
FACS analysis. Cells were incubated with sialidase, trastuzumab (Tras), trastuzumab-
sialidase conjugate (T-Sia), or PBS control for 1 h at 37 °C. After three washes with PBS, 
cells were resuspended in cold PBS with 0.5% bovine serum albumin (BSA) containing 
the probe of choice: antibody, receptor-Fc fusion protein with secondary anti-Fc antibody 
pre-complexed in solution, or FITC-labeled SNA lectin. Cells and antibodies/fusion 
proteins were incubated for 30 mins at 4 °C in the dark. After three washes with PBS 
with 0.5% BSA, the cells were brought up in PBS with 0.5% BSA then analyzed by flow 
cytometry. All flow cytometry data was analyzed using FlowJo v. 10.0 (Tree Star). 
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Statistical analysis. Statistical analyses were conducted with Prism 6. Data are shown as 
mean ± SD of triplicate experiments, and significance was determined using a t-test, 
unless otherwise noted. **= p < 0.005, *= p < 0.05, and a p value > 0.05 was considered 
significant. 
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Appendices 
 
A. Chapter 1 supplements 
	  

Scheme S1: General synthesis of alkynyl phosphocholines.  See pages S17-19 for 
detailed synthetic methods and characterization data for each alkynyl lipid.  We 
followed the synthetic strategy developed by Hajdu and coworkers: using nucleophilic 
ring-opening of a cyclic phosphate triester to yield the desired zwitterionic 
phosphocholine derivative.[1]  Diacyl or diether glycerol is combined with 2-chloro-
1,3,2-dioxaphospholane 2-oxide and triethylamine in toluene and stirred for 12 hrs at 
room temperature.  To the crude resulting cyclic phosphate triester is added N,N-
dimethylpropargylamine in anhydrous acetonitrile, and let stir at 65 °C for 24 hours.  

HO O

O
R

R
O O

O
R

R

O
O
P

O Cl

TEA

Tol.'RT'12'hr
P

O

O
O

N

MeCN,'65'C'24hr

O O

O
R

R
P

O

O

O
N

S1 



 
   

 65 

	  

Scheme S2: Synthesis of alkynyl cholesterylamine.  To the known N-cholesteryl-2-
nitrobenzenesulfonamide, propargyl bromide and potassium carbonate were added in 
anhydrous THF and let stir overnight at 85 °C.  To the filtered and dried crude 
product, thiophenol was added in acetonitrile and let stir at room temperature 
overnight.  Flash chromatography gave the pure product in 85% yield over two steps. 
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Figure S3: Lipid-anchored glycopolymers exhibit saturation on cell surfaces.  Jurkat 
cells (107/mL) were incubated with AF488-polymers at the given concentration or 
PBS in serum free media for 1 hr at RT.  The cells were then washed, and their 
fluorescence measured by flow cytometry.  Shown are mean and standard deviation of 
three replicate experiments minus background as measured by cells incubated with 
PBS instead of polymer.  
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Figure S4: CholA polymers can be measured on cell surfaces as long as ten days after 
labeling.  Jurkat cells (107/mL) were incubated with biotin-polymers at 10 µM or PBS 
alone in serum free media for 1 hr at RT.  The cells were then washed and added to 
complete media and incubated at 37 °C for the time indicated.  At the times indicated, 
cells were removed, washed with PBS and incubated with AF488-anti-biotin (1:500) 
for 20 min on ice in 1% FBS in PBS, washed again, and then their fluorescence 
measured by flow cytometry.  Shown are the mean and standard deviation of three 
replicate experiments minus background as measured by cells incubated with PBS 
instead of polymer.  
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Figure S4: CholA polymers can be driven by mass action out of the cell surface.  
Jurkat cells (107/mL) were incubated with biotin-capped CholA-polymers at 10 µM or 
PBS alone in serum free media for 1 hr at RT.  The cells were then washed and added 
to complete media and incubated at 37 °C for the time indicated.  Every 24 hours the 
cells were pelleted, washed with PBS and resuspended in warm complete media.  At 
the times indicated, cells were removed, washed with PBS and incubated with AF488-
anti-biotin (1:500) for 20 min on ice in 1% FBS in PBS, washed again, and then their 
fluorescence measured by flow cytometry.  Polymers could be measured up to day 4.  
Shown are the mean and standard deviation of three replicate experiments minus 
background as measured by cells incubated with PBS instead of polymer.  
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Figure S6: CholA polymers are distributed equitably between daughter cells.  Jurkat 
cells (107/mL) were incubated with biotin-polymers at 10 µM and CellTracker green 
(25 µM) in serum free media for 1 hr at RT.  The cells were then washed and added to 
complete media and incubated at 37 °C for the time indicated.  At the times indicated, 
cells were removed, washed with PBS and incubated with AF647-anti-biotin (1:500) 
for 20 min on ice in 1% FBS in PBS, washed again, and then their fluorescence 
measured by flow cytometry (FL1 channel measures the CellTracker Green and FL4 
the AF647 anti-biotin).  Shown are the histograms of at least 104 cells for each time 
point.  CellTracker green roughly halves every 24 hrs (see Figure 3 D).  Anti-biotin 
labeling is unimodal even after three generations of cell division showing that 
daughter cells don’t form divergent populations with respect to polymer presentation.
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Figure S7: Uptake of CholA polymers is temperature dependent.  Jurkat cells 
(107/mL) were incubated with biotin-polymers at 1 µM or PBS alone in serum free 
media for 1 hr at RT.  The cells were then washed and added to complete media and 
incubated at either 4 or 37 °C for the time indicated.  At the times indicated, cells were 
removed, washed with PBS and incubated with AF488-anti-biotin (1:500) for 20 min 
on ice in 1% FBS in PBS, washed again, and then their fluorescence measured by flow 
cytometry.  Shown are mean and standard deviation of three replicate experiments 
minus background as measured by cells incubated with PBS instead of polymer.  
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AF488-‐capped	  Glycopolymers	  After	  24	  hours	  

DPPE CholA 

Figure S8: CholA-anchored glycopolymers are still present on cell surfaces after 24 
hours.  Jurkat cells (107/mL) were incubated with AF488-capped polymers (5 µM) in 
serum free media for 1 hr at RT.  The cells were then washed and added to complete 
media and incubated at 37 °C for 24 hours.  The cells were pelleted, washed with PBS, 
and then imaged by confocal microscopy.  
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Cell	  Viability	  with	  Calcein	  AM	  and	  Ethidium	  Homodimer	  
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Figure S9: CholA polymers are nontoxic to cells.  Jurkat cells (107/mL) were 
incubated with biotin-polymers (10 µM) or PBS in serum free media for 1 hr at RT.  
The cells were then washed and added to complete media and incubated at 37 °C for 
the time indicated (1 hour or 24 hours).  At the times indicated, cells were removed, 
washed with PBS and incubated with Calcein AM and Ethidium homodimer (EthD-1) 
for 1 hour, washed again, and then their fluorescence measured by flow cytometry 
(FL1 channel measures the Calcein AM that has been turned on by esterases and FL4 
the EtD-1 fluorescence).  Live cells have active esterases that turn-on Calcein AM.  
Cells undergoing apoptosis or necrosis are permeable to EthD-1, which exhibits turn-
on when bound to double-stranded DNA.  Shown are the scatter plots of at least 104 
cells for each time point.  Less than 5% of cells incubated with CholA polymers are 
positive for EtD-1 and negative for Calcein AM, and less than 2% are after 24 hours.
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Figure S10: Long CholA polymers also exhibit long lifetimes.  Jurkat cells (107/mL) 
were incubated with biotin-polymers (90 nm, DP = 719) at 10 µM or PBS in serum 
free media for 1 hr at RT.  The cells were then washed and added to complete media 
and incubated at 37 °C for the time indicated.  At the times indicated, cells were 
removed, washed with PBS and incubated with AF488-anti-biotin (1:500) for 20 min 
on ice in 1% FBS in PBS, washed, and then their fluorescence measured by flow 
cytometry.  Shown are the mean and standard deviation of three replicate 
experiments minus background as measured by cells incubated with PBS instead of 
polymer.  
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Figure S11: Short CholA polymers also exhibit long lifetimes.  Jurkat cells (107/mL) 
were incubated with biotin-polymers (3 nm, DP = 36) at 10 µM or PBS in serum free 
media for 1 hr at RT.  The cells were then washed and added to complete media and 
incubated at 37 °C for the time indicated.  At the times indicated, cells were removed, 
washed with PBS and incubated with AF488-anti-biotin (1:500) for 20 min on ice in 
1% FBS in PBS, washed again, and then their fluorescence measured by flow 
cytometry.  Shown are the mean and standard deviation of three replicate experiments 
minus background as measured by cells incubated with PBS instead of polymer.  
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Figure S12: CholA polymers are long-lived on MCF-10As.  MCF-10A cells (107/mL) 
were incubated with biotin-polymers at 10 µM or PBS in serum free media for 1 hr at 
RT.  The cells were then washed, added to complete media and allowed to adhere, 
then incubated at 37 °C for the time indicated.  At the times indicated, cells were 
trypsinized, washed with PBS and incubated with AF488-anti-biotin (1:500) for 20 
min on ice in 1% FBS in PBS, washed again, and then their fluorescence measured by 
flow cytometry.  Shown are the mean and standard deviation of three replicate 
experiments minus background as measured by cells incubated with PBS instead of 
polymer.   
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Figure S13: Long CholA-anchored polymers increase the adhesion size of MCF-
10As.  mCherry-paxillin expressing MCF-10A cells (107/mL) were incubated with 
biotin-polymers at 10 µM or PBS in serum free media for 1 hr at RT.  The cells were 
then washed, added to complete media and allowed to adhere to fibronectin-
functionalized coverslips, and incubated at 37 °C for two hours.  Cells were washed 
briefly, then fixed with 4% formaldehyde in PBS for 15 min at RT, and then rinsed 
three times with PBS.  AF488-antibiotin antibody (1:200) in 0.5% BSA in PBS was 
added on ice for 20 min, then rinsed three times.  The coverslips were then imaged 
using TIRF.  Focal adhesion areas were calculated using ImageJ.  Shown is the 
average of adhesions from at least 5 cells from at least two independent experiments 
+/- SEM. * p<0.05  
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Figure S14: Tails of zebrafish imaged in Figure 5a.  Fish were injected with GFP-
H2B expressing MCF-10A breast epithelial cells loaded with either long or short 
CholA-anchored polymers, then imaged at 3 and then 27 hours. Scale bar is 100 µm. 
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B.	  Chapter	  2	  supplements	  
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C.	  Chapter	  3	  supplements	  
	  
Table	  S1.	  Cytotoxic	  activity	  of	  isolated	  NK	  cells	  against	  various	  human	  breast	  cancer	  

cells	  induced	  by	  Tras,	  a	  mixture	  of	  Tras	  and	  sialidase,	  or	  T-‐Sia.	  (N.D.	  none	  detected)	  
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Figure S1. Purification and characterization of Vibrio cholerae sialidase. (A) Expression 

of wild-type V. cholerae sialidase analyzed by SDS-PAGE (stained with coomassie blue). 

(B) ESI-MS spectrum of purified V. cholerae sialidase. (C) Hydrolysis of 2’-(4-

methylumbelliferyl)-α-D-N-acetylneuraminic acid (MuNeuNAc) by V. cholerae sialidase. 

(D) Siglec-7 ligands on BT-20 cells are efficiently removed after treatment with V. 

cholerae sialidase. Scale bar = 25 µM. 
 

	  
Figure	  S2.	  FACS	  analysis	  of	  HER2	  expression	  in	  different	  breast	  cancer	  cell	  lines.	  
	  
	  
	  

 

Figure	  S3.	  Flow	  cytometry	  and	  analysis	  of	  CD56	  and	  CD3	  markers	  on	  leukocytes.	  (A)	  

Flow	   cytometry	   of	   PBMCs.	   (B)	   Flow	   cytometry	   of	   isolated	   NK	   cells.	   (C)	   Flow	  

cytometry	  of	  PBMCs	  after	  NK	  cell	  depletion.	  
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Figure	   S4:	   Cytotoxicity	   of	   isolated	  peripheral	   blood	  NK	   cells	   from	  healthy	  donors	  

against	  different	  breast	  cancer	  cells	  in	  the	  absence	  or	  presence	  of	  sialidase	  (30	  nM),	  

Tras	  (30	  nM)	  or	  a	  mixture	  of	  sialidase	  (30	  nM)	  and	  Tras	  (30	  nM)	  at	  E/T	  ratios	  of	  2:1	  

and	  4:1.	  *P	  <	  0.05,	  **P	  <	  0.005.	  
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Figure S5. Characterization of wild-type and heat-inactivated Vibrio cholerae sialidase. 
(A) Hydrolytic activities of wild-type and heat-inactivated V. cholerae sialidase (HI-
Sialidase) using 2’-(4-methylumbelliferyl)-α-D-N-acetylneuraminic acid (MuNeuNAc). 
(B) Levels of Sambucus nigra lectin (SNA) ligands on BT-20 cells with or without 30 
nM wild-type sialidase or heat-inactivated sialidase treatment. (C) Levels of Siglec-7 
ligands on BT-20 cells with or without 30 nM wild-type sialidase or heat-inactivated 
sialidase treatment. (D) Levels of Siglec-9 ligands on BT-20 cells with or without 30 nM 
wild-type sialidase or heat-inactivated sialidase treatment. (E) Levels of NKG2D ligands 
on BT-20 cells with or without 30 nM wild-type sialidase or heat-inactivated sialidase 
treatment. (F) Cytotoxicity of isolated peripheral blood NK cells against BT-20 cells in 
the absence or presence of Tras (30 nM), sialidase (30 nM), a mixture of Tras (30 nM) 
and sialidase (30 nM), heat-inactivated sialidase (30nM), or a mixture of Tras (30 nM) 
and heat-inactivated sialidase (30 nM) at an E/T ratio of 4:1. **P < 0.005, ns: not 
significant. 
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Figure S6. ESI-MS spectra of sialidase, Tras and its conjugates. (A) ESI-MS spectrum of 

purified Vibrio cholerae sialidase (VCSia). (B) ESI-MS spectrum of V. cholerae sialidase 

labeled with BCN-NHS (VCSia-BCN) at 1:12 molar ratio. (C) ESI-MS spectrum of Tras 
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with C-terminal aldehyde tag. (D) ESI-MS spectrum of Tras with C-terminal aldehyde 

tag conjugated with aminooxy-TEG-azide (Tras-N3). (E) ESI-MS spectrum of T-Sia. 

 

	  
Figure	  S7.	  Hydrolytic	  activities	  of	  V.	  cholerae	  sialidase	  and	  T-‐Sia	  against	  fluorogenic	  

substrate	  2’-‐(4-‐methylumbelliferyl)-‐α-‐D-‐N-‐acetylneuraminic	  acid	  (MuNeuNAc).	  
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Figure	  S8.	  SNA	  ligands	  on	  SKBR3	  and	  MDA-‐MB-‐468	  cells	  in	  the	  absence	  or	  presence	  

of	  T-‐Sia	  conjugate.	   (A)	  SNA	   ligands	  on	   individual	  cultures	  of	  SKBR3	  and	  MDA-‐MB-‐

468	  cells	  in	  the	  absence	  or	  presence	  of	  T-‐Sia	  conjugate.	  Cells	  were	  incubated	  with	  6	  

nM	  T-‐Sia	  conjugate	  or	  PBS	  in	  RPMI-‐1640	  media	  for	  1	  hour	  at	  37	  °C	  and	  stained	  with	  

FITC-‐labeled	  SNA	   lectin,	  AF647-‐labeled	  anti-‐Her2	  and	  DAPI	  nuclear	  stain.	   (B)	  SNA	  
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ligands	  on	  a	  mixture	  of	  SKBR3	  and	  MDA-‐MB-‐468	  cells	  in	  the	  absence	  or	  presence	  of	  

T-‐Sia	   conjugate.	   SKBR3	   and	   MDA-‐MB-‐468	   cells	   were	   mixed	   at	   a	   1:1	   ratio	   and	  

cultured	  overnight.	  The	  cell	  mixtures	  were	  incubated	  in	  the	  absence	  or	  presence	  of	  

6	  nM	  or	  60	  nM	  T-‐Sia	  conjugate	  for	  1	  hour	  at	  37	  °C.	  Scale	  bar	  =	  25	  μM.	  	  

	  

	  
 

 

Figure	  S9.	  Cytotoxicity	  assays	  performed	  with	  BT-‐20	  in	  the	  presence	  of	  Tras	  (30	  nM)	  

or	  T-‐Sia	  (30	  nM)	  at	  various	  E/T	  ratios	  using	  PBMCs	  (A)	  or	  NK	  cell-‐depleted	  PBMCs	  

(B).	  

	  
	  
Figure	  S10.	  Cytotoxicity	  of	  isolated	  peripheral	  blood	  NK	  cells	  from	  healthy	  donors	  

against	  different	  breast	  cancer	  cell	  lines	  in	  the	  presence	  of	  Tras	  (30	  nM)	  or	  T-‐Sia	  (30	  

nM)	  at	  E/T	  ratios	  of	  4:1	  and	  8:1.	  *P	  <	  0.05,	  **P	  <	  0.005,	  ns:	  not	  significant.	  	  
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Figure	  S11.	  Cytotoxicity	  of	  isolated	  peripheral	  blood	  NK	  cells	  from	  healthy	  donors	  

against	  BT-‐20	  cells	  with	  Tras	  (30	  nM)	  or	  a	  mixture	  of	  Tras	  (30	  nM)	  and	  sialidase	  (30	  

nM)	   in	   the	   absence	  or	  presence	  of	  5	  μg/mL	  blocking	  anti-‐NKG2D	   (clone	  149810),	  

anti-‐Siglec-‐7	  (clone	  S7.7),	  anti-‐Siglec-‐9	  (clone	  S9),	  a	  mixture	  of	  anti-‐Siglec-‐7	  (clone	  

S7.7)	  and	  anti-‐Siglec-‐9	  (clone	  S9),	  or	  mouse	  IgG1	  isotype	  antibody	  (clone	  MOPC-‐21)	  

at	  an	  E/T	  ratio	  of	  4:1.	  *P	  <	  0.05,	  **P	  <	  0.005,	  ns:	  not	  significant.	  	  

	  




