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ABSTRACT 

LAURA A. ZA HN . Microtubule Nucleation at the Golgi in Breast Cancer Cell s. (Under the 

di rec tion of DR. SARAH LUNDIN-SCHILLER.) 

Microtubules (MTs) are cytoskeletal fil aments vital to numerous cell processes, including 

intracellular transport, cell polarity and motility. Microtubules are dynamic and respond to 

molecular cues by quickl y decreasing or increas ing in length. Microtubules must be generated 

from a nucleating source known as a MT-organizing center (MTOC), of which centrosomes are 

the most well-characteri zed. More recentl y, Efimov et al. (2007) descri bed non-centrosomal MT 

nucleation at the Golgi in a human ret inal pigment epithelial cell line. Their work has shown that 

Golgi-deri ved MT a1Tays are essential to directionally persistent cell migration and vesicle 

transport. The first objecti ve of thi s study was to compare MT nucleation ites in an invasive 

breast cancer ce ll line (MDA-MB-23 1) to those of a non-invas ive brea t cancer cell line (MCF-

7), with the hypothes is th at onl y the migratory in va in: cell c\hi bit MT originati ng from the 

Golgi. Methods in cluded di sassembling MT and allo\\'i ng sli ght regro\\·th o ind ividual 

nucleati on sites coul d then be seen \'ia tluorcscentl y tagged an tibodies (a-tubulin , cis Golgi 

marker GM 130, and EB I- a MT plus-end binding protei n) and confoca l mi croscopy. The 

second objecti ve of thi s thes is research \\·as to cktcrm ine if MT nucleation at the Go lgi is more 

apparent du ring acti \·c mi grati on compared to ,,·hen cells arc stationary. Specilicall y, thi s \\'as 

clone by inducing mi grati on using the chemoat tractan t epidennal g.ro,,·th !actor (EGF), and then 

look ing fo r co locali za ti ons bet,\een the Co lgi. u-tuhulin. and y-tuhu lin- a requi rement tor MT 

· · · . . I , - · · I • t · ·ti\ el\ mi ~ratin~ ce ll s ,,ill e\h ibit more MT 
nuc leation. Thi s \\'as clone with the h) pot 1c:-,1 s t 1,1 ,ic - - -

· . · . , , ,11 - I o 'S ,, ere anah·zecl qualitati\·ely fo r color 
nucleat ion at the Go lg1 than stat10na1) CL s. ma=L . -

· · c· 1·1- · ""nts D ,· t·t"erences between - M 1~., c·:i1oc-1 l1 zauon oe IC"- · owrl ap. and quant itat iYely us111g anc c: I s L ' -



groups were teSted for signifi cance usin g one-way ANOYAs and Tukey's post-hoc tes t. For the 

MT nucleati on portion of this study, results have shown significantly hi gher colocali zation 

va lue (coloc) in the highl y invas ive MDA-MB-23 1 cell s (a-tubulin coloc GM 130=0.39, GM 130 

coloc a-tubulin=0. 82, GM 130 coloc EB I =0.24, and EB I coloc GM 130=0.38) compared to the 

weakl y invas ive MCF-7 cell s (0.15 , 0.08, 0.02, 0.16, respecti ve ly). For the migration study, 

EGF-treated cells exhibited higher colocali zation values than contro l ce ll s fo r three of the fo ur 

protein combinati ons tested, but EG F-treated MDA-MB-23 1 cells exhi bited significantl y higher 

values (a-tubulin coloc GM 130=0.20, GM 130 coloc a-tubulin=0.89, and y-tubulin coloc 

GM\ 30=0.47) than both contro l groups as vve ll as the treated MCF-7 ce ll s. Q\·erall , these results 

indicate MT nucleati on at the Go lgi occur more frequentl y in the in\'aSi\'e D -M B-23 1 cell 

line compared to the weakl y invas ive MCF-7 cell . The presence or ab ence of Golgi-derived 

MTs may help to expl ain the diffe rence in migratory potential commonly exh ibited by these two 

ce ll lines. 
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CHAPTER I 

Introduction and Literature Review 

Introduction 

There are certain cellul ar component that are con idered fundamenta l. For example, all 

eukaryotic cel l exhibit a cyto ke leton that, among other rol e . er\'e a both the bone and 

musc les of a ce ll , offering them tabilit , tructure, and the capa it to 111 0\'e . II eukar otic cell 

also contain membrane bound organelle , uch a th ' Ci lgi apparatu . with highl y . pecialized 

structure.- and function . Though the ba ic fo r thc .-e e: : rn tia l cellular pan. ha,·e been tudied 

for decades, new in ight and roles fo r them continue to emerge. The:e modem re\'elation. 1101 

onl y expand our under landin g of healthy ·ellular pro·' .. c . . hut al. o me ·bani . m: that an go 

awry in the di seased . talc . 

The focu s nr thi s thesis research has been a nm cl fun ·11011 nf the iolgi apparJtus 10 

nucleate the cytoskelctal Ii laments called microtuhuk, . It 1, tllll ~ et ktHl \\ 11 ho \\ uni, ersal or 

"idespread thi s fun ctional ahili t) is. and th u-.. 1l1nk1ng for 1h c, 1tk11 ·e "1 thi11 different ·ell type. 

is a usdul endca, or. i'vl icrntuhuks that an . e from thL· ( ,ol g. 1. r.11her than their I~ pica I origin at the 

ccntrosomc. h,I\ c hccn slw" 11 in lllh •r -..1 u 11 . .., Ill he frnicttlln ,111~ unil.Jue and pla~ a criti ·a l r 1lc in 

d. 1 I II · 1· ·1·1 · • 1-11 · 1·• 1, -11·t,.L·l11·1rl , 1111 T ·, t11H! a, 11 relate , Ill 111c1as1a11c cancer. ,rec L'l CL' 1111 gra lllll . llS l L ., ,, ' . -

. . I . ,· t . ·II , Ill lll H!Lll' ;!\\ ,I\ from their , I ll' or \\h1ch results lrnm an ahnllrma capa ·11~ ,,r unwr - . 

nri gin. · I I· ·1 1,1·1··,· -111 l l'I •ntnl , Ill m1 !! r,1tL· .mJ 111, .1Je . thnugh it is not ari nus cancer 1~ pc:- l' \ 11 11 L • -

· · . . hil,1, in , · . l h · l!ll,11 pf 1h1 , the,i , research 
"cl I understood hll \\ :such , ana,ic ·, 111 Ill 1g1 ,llllr~ ·1 . • -

· . . ·· . , . . , -.. •cili ·.ilh th· pr· , ·nee l,r absence ol 
' ' as to re, cal a pn1e1111 al c wsL' 1,lf :--u h d111 r 11 · P -



The remainder of thi s chapter is a review of th e background literature to prov ide the 

proper context for thi s thes is research. Sections describing microtubule structure, fu nction, and 

nuc leation, as we ll as Go lgi apparatus structure and function are prov ided. This i fo llowed by a 

section covering what is currentl y known about microtubul es that ari se from the Goloi 
b 

specificall y. A discuss ion of the highl y coordinated process of cell mi gration and chemotax is is 

also given, as well as the global problem of metastati c breast cancer. The study objectives that 

fo ll ow this background info nnation provide an outl ine fo r the specific hypotheses of th is thesis 

research and th e experiments that were done to test them. Chapter 2 prov ides a detail ed 

description of the two different ce ll types used fo r thi s study fo ll owed by Chapter 3, which 

outlines the materi als and method . Chapter 4 includes the re ult from all experiments, which 

are di scussed in deta il in Chapter 5. 

Microtubule Structure and Functi on 

Microtubul es (MTs) are cyto ke letal filament rre. ent in \·irtuall y all eukaryotic ce ll s. 

They are made fro m prote in heterodimer or tubulin u and P- \\·hich form protofil amen t by 

po lymeri zing end to end so that one dimer's a ubunit attaches to the next dimer' P uni t (A lberts 

et al. , 2002). A single MT is lo rmcd 1·ro m multi ple protoli lamcnts. typica ll y thirteen, arra nged 

· · - II l , Tl · · '(lular parallel arrangement creates a MT latera ll y to create a relati\'e ly ng1cl ho O\\ ' tu )c. 115 IL:::- · ~ 

wi th a subunits exposed at one end (called the minus end) and~ subuni t exposed at the other 

d · • d · -srond to molecular cues by adding or (call ed the plus end). Microtubulcs are \'Cr)' ) 7iamiL: an I c . 

. . ._ ~ 1 _ -' nd ,, hich can cause a rap id change in their releas ing these subunits, usuall y 11 0111 th e P us c · 

overa ll length . 

. ._ 1 . . 1\' dependent upon temperature and local The rate of MT gro\,·th shrinkage is ,ea\ t -



amounts of free tu bulin subuni ts in the cytoplasm (Hor,·o & M t 20 14) H · d' ·d 
1 ura a, . owever, 111 1v1 ua 

MTs alter their length to achi eve a specific purnose and thus gt· · d h · , 1, · MT · 
t' , owmg an s rllLKlllg s coexist 

simultaneously with in the cytoplasm. This phenomenon is known as "dynamic instabili ty" and is 

characteri zed by alternating periods of growth, shrinkage, and pausing of the protofil ament ends. 

Free tubulin dimers must bind GTP before they can be added to a growing MT end. The GTP is 

hydrolyzed to GDP briefl y after assembl y, though thi s step lags behind, resulting in a GTP cap 

on newly fo rmed ends. The GTP hydro lysis step is not a requirement fo r MT assembly, but the 

loss of the GTP cap results in spontaneous rap id depolymeri zation (Carlier et al .. 1997). 

Microtubules are criti cal to numero us fundamental ce ll processes. For example, MTs are 

the major structura l component of cili a and fl age ll a, whi ch are e sential fo r ori ented motili ty and 

sensory functi ons in a wide range of un ice llu lar eukaryotes (Mi tchell , 2007). They play a critica l 

ro le in determining cell morphology, espec iall y dur ing ce ll di fferent iat ion (Picone el al .. 20 10). 

The arrangement and segrega ti on of chromo omcs a · a cell divides i · absolutely dependent upon 

microtu bules whi ch make up th e mi totic pi nd lc ( lbe11. el al .. 2002). Microtu bu les also erve 

as tracks for intracellul ar transport as motor proteins. such a · kine in s and dynci ns, \\'alk their 

length ca rrying ves icles and protein cn rn plc \cs to other destinati ons \\ithin the ce ll (Lippincott­

Schwartz et al .. 1995). Even organelles. such as th o. c or the cndomcmhrane systcm . 

· · · MT · 1· · ti ,· · r ·op ·r 11ositionin !! \\ithin the ce ll (Bi sba l et m1tochondna, and ri bosomes, re ly on s 01 it:11 1 c · ~ 

ol., 2009; Friedman et ct! .. 20 I 0). Finally. MTs arc inheren tly re. ponsihlc ror a ce ll" . ability to 

I I .. - · wt the hi ohh· coordi nated process of ce ll polari ze, to defi ne a front and back . am t 1en can::, l =- -

migra tion (Eti enne-M anne\ ilk.20 13). 



Microtubule Nucleation 

M icrotubules must be generated from a nucleated s b · · T · · ource eg111n111g at a M -orgamzmg 

center (MTOC), of which centrosomes are the most well-characterized. Centrosomes are 

composed of a pair of centrioles surrounded by a nebulous pericentriolar matrix containing 

numerous proteins critical to cell cycle control , centrosome structure, and microtubule nucleation 

(A lberts et al., 2002). From their centrosome-embedded minu end , MTs spread out in 

symmetric arrays as their plus-end grow in re pon e to ce llular ignal . 

Microtubule nucleati on requires y-tubulin, which i a homologue of a and p tubulins and 

is nearly ubiquitous throughout the eukaryotic domai n (Kol lman et al .. 20 11 ). In multicellular 

eukaryote , y-tubulin ex ist , for the mo t part, a a component or larger protein conglomerate 

ca ll ed y-tubulin ring complcxc (y-Tu RC ·) (Oegcma et of .. 1999). The,c ring complcxe are o 

named because of their open ring- I ike ·tructurc, \\"hich has a diameter\ cry close to that of a 

microtubule (Zheng et o f. , 1995). Studie in a " ·ide variety or eukaryote. ha Yee ·tahli shed the 

highl y con ervcd nature or y-TuRC · and their pi\ otal role in T nucleation both in rim and in 

1·it ro (Mori tz et of.. 199-: Zheng et of .. 199_· : ogcl et of .. 199 : turphy. rhani . and . team . 

1998) .. tudics using direct immune-nega tin: , tain electron microscopy and "'I) electron­

microscopic tomograph y ha\·e found y-Tu RC to as. ocia te specilically \,·ith the extreme minus 

ends of MT, pro\'iding strong e,·idence for the .. template·· model ,,hich proposes that y-Tu RC 

I. I 1·l)r·111eJ ;\1T. ,, ithin ~ITOCs (Keating and functi on a a template guide at the base n ne,, ~ 

Borisy, 2000: Mori tz er of .. 2000) . 

, · . ·, 1th, onlY I'- tTOC described to date . The Thounh the most common. centrosomo ,llL no L • 
:::, 

· . , .. 11 ·d th, ·pine.lie pole body ,,·hich rema ins main MTOC in fungi. for example. rs a structur L ca L L s , 

· II . , / 1011 ). \ 'a -cular plant lack centrosomes but 
embedded in the nuclear en, elope ( Ko man d O · · -



arc capable or nucleating MT from both the 
1 

• 
nuc eat membran e and from y-tubulin complexes 

bound to table MT bundles in the cell c •t (S h • 01 ex c mit, 2002; Murata et al., 2005). Microtubules 

that make up the axoneme of cilia and flage lla ar I d f 
e nuc eate rom basal bodies at their base 

(Koba ya hi and Dynlacht, 20 l 1 ). Pigment granules in fi sh I I ti . me anop 1ore ragments lack111g 

centrosomes are capable of nucleating MTs in a dynein depend t (M l'k en manner a 1 ov et al., 2004). 

In C.elegans intestinal cells, MTOC function transfers from the t h · 1 cen rosome to t e ap1ca 

membrane after the fourth round of cell divisions early in development (Feldman and Priess, 

2012). A number of studies have also implicated the Golgi apparatus as a MTOC in some 

mammalian cell types, which was the inspiration for this thes is work (Chabin-Brion et al. , 2001; 

Efimov et al., 2007; Oddoux et al. , 2013). 

Golgi Apparatus Structure and Function 

The Golgi apparatus is a highl y dynamic organelle pre ent in all eukaryotic cells as pa11 

of the secretory pathway. Its structure consists of a stack of fl attened di sc-shaped membranes, 

called cisternae, which are connected via proteinaceous bridge (C luett and Brown, 1992) rather 

than ex tensions of the lipid bilayer as previously thought (Bracker et al. , 197 1; Tanaka et al., 

1986). There are usually four to six cisternae within a Golgi stack in mammalian cells, but there 

can be as many as 60 in some unice llular fl age llates (A lbert et al. , 2002). In some types of cells, 

like the secretory ti ssues of plants, there can be severa l hundred Go lgi stacks per ce ll (Hua and 

Graham, 2000-20 I 3 ). In most animal ce ll s though, the Golgi is fo und as a single-copy organelle 

arranged in a compact perinuclear confi gurati on in close proximity to the centrosome. 

The Golgi serves as the ce ll 's molec ule process ing center where highl y organized, 

sequential reactions occur within each of its parts (Hua and Graham, 2000-2013 ). The cis Go lgi 



(aces the endop lasmic reti culum (ER) and serves as ti . . .. . . . 
1e ent1 y a1ea ,or newly synthes ized lipids 

and proteins carri ed in ves icles budding from the ER Tl 1 1 . . 1ese mo ecu es are sorted and moved 

th rouoh the different cisternae while underooino a se,·,·es of co I t d.fi · Th 
o b b va en mo 1 1cat1ons. ese 

changes typicall y involve the addition, change, or removal of oligosaccharide chains to lipids 

and proteins, which can serve as final destination markers for these molecules, or function in 

signaling regulation and cell-to-cell recognition, among other things (Alberts et al. , 2002). In 

their final fonn, molecules are sorted again and packed within vesicles that bud from the trans 

Golgi which are then carried along MTs to their final destinations. These locations include 

lysosomes, the cell membrane, or an earlier compai1ment of the Golgi or ER. These fini shed 

molecules can also be highly concentrated within secretory ves icles that are released from the 

cell in regulated bursts. 

Gi ven the importance of MTs in the transport of ves icles entering and ex iting the Golgi, it 

should come as no surpri se that MT minus ends are routinely found in close prox imity to the 

Golgi (Rogal ski and Singer, 1984). Indeed, the entire structure of the Golgi seems dependent 

upon intact MTs. Studies employing the MT depolymeri zing drug nocodazo le routinely cause the 

Golgi apparatus to scatter into mini-stacks distributed th ro ughout the cytoplasm (Cole et al. , 

1996; Alberts et al ., 2002) . Moreover, the clustering of these fragmented pieces aft er the drug is 

I d · t' ·1·t t db MTs alone independent of any other cytoskeletal fil ament (Ho et was 1e away 1s act I a e y , 

al., 1989). 

Golgi-deri ved Microtubules 

, . MT I at ion at the Go lgi came in 200 I by Chabin-Brion et The first ev idence ot direct nuc e ~ 

. 1 de ol meri ze MTs in cultured hepatocytes. MTs 
al. 111 a study using nocodazo le to complete Y P Y 



were all owed to bri efl y recover, revealing colocal" t' b . 
1za ions etween Golg1 fragments and newly 

crrowing MTs in fixed stained ce ll s. This study also~ d ·fi d G . 
t> 1oun pun 1e olg1 membranes could 

support MT nucleation given purified tubulin and GTP F ih . h · • - . . . u1 e1 more, t e1r pun fl ed Golg1 

membranes were shown to contain significant amounts of y tubul · ·t · I · · MT 
- in , a en 1ca protein 111 

nucleation. 

More recentl y, MT nucleati on at the Golgi has also been documented to occur in a human 

retinal pigment epithelial (RP E-1 ) cell line, even after laser ab lation of the centrosome. Ev idence 

of thi s was prov ided by Efim ov et al. (2007) who developed a method to trace MTs back to their 

po int of origin via time-l apse imagi ng and fluorescentl y labe led end-binding protein 3 (EB3) 

which attaches to the growing ends of MT . lntere tingl y. thi tudy also show that Golgi­

de ri ved MT arrays are in tr in sicall y asymm etric \\'ith a preference tO\\'ard the lead in g ce ll edge in 

motile cell s. Generation of the e Go lgi-deri ved arrays i dependent upon the pre ence of two 

accessory proteins: cytop lasmic linker assoc iated protein. (CL . P ·) " ·hich coat the entire length 

of these non-centroso rnal MTs during their initial gro\\·th pha. e. and a tran. -Ciolgi network 

specific co iled-co il pro tein cal led (iCC 185. Thi. study aL o sho \,·ed that re1mm1l or GCC 185 via 

siR NA caused CLASPs to no longer loca li ze to the Colg i. though CLAS Ps could faci litate MT 

forma tion even when not bound to the C,olgi membranes. c, crthclcss. Cl_k Ps must as oc iate 

with the Go lgi to ensure non-centrosomal MTs arc propcrly anchored and stahili1.cd for normal 

use within the cell. 

d. · · J)o these (inl~i-deri \ cd MTs ex hib it The ob,·ious question thi s llC\\ 1scn, cry raises is : -

· · · · . . . I • 1 •ri1 ·1rt<1 :\licrotuhulcs arc kn0\\11 to play tunct1onal ab ilities uni que trom thcrr cen11 0:--o rn ,1 coun c ' · · 

· • · ·. -· 1· . · "proper 11os i1ionirn! of membrane-bo und a cnt1 cal ro le in intracel lular transport and 111 t,ici ita t117 = -

organelles. A study by Mil ler l:' f al. (2009) looked at the role o!'Golgi-deri\ed MTs in 



estab li shing Golgi organi zation , which after cell division begins as Golgi mini-stacks that later 

assoc iate to fo rm a continuous ribbon of interconnected stacks of flat cistemae. This study shows 

that Golgi mini-stacks are able to form without the influence of MTs but their proper assembly 

into a Golgi ribbon is dependent upon the presence of Golgi-derived MTs. They were also able to 

demonstrate that cells depleted of their CLASP-dependent MTs or overexpressing GFP­

CLASP2C displayed randomized ves icle trafficking rather than the polarized trafficking seen in 

controls. In addition, their research also showed that in CLASP-depleted cells as we ll as ce ll s 

overexpressing GFP-CLASP2C migration was random as opposed to the directionall y oriented 

movement seen in control cells. This indicated th at CLASP-dependent Golgi-deri ved MTs are 

essential to directionally persistent ves icle tran port and migration. 

Hurtado er al.(2011) employed a truncated ver ion of the centro ome/Golgi apparatus 

assoc iated protein AKAP450 tran fec ted into RP E-1 ce ll and fo und that this caused the 

AKAP450 to dissociate from the Golgi apparatu . Thi s was al o fo und to spec ifica ll y inhibit 

Golgi-deri ved MT nucleation wh il e centro omal nucleation \\'a unaffected. A ubsequent 

experiment was performed to analyze Golgi apparatu rea embly follo\\' ing nocodazole washout 

in contro l ce ll s and those express ing t\\'O truncated \-er ion. or K P-+50. AK I Band AK I. 

Results indi cated that the AK I B fragment produced a broken but properly pos iti oned Golgi 

ribbon, whil e the AK I fragment caused a correct ly l"ormed Golgi ribbon to be ra lld0111 1Y 

· · · · I G ju· · then ho,,·n to di srupt directed ce ll malpositioned. This malpos 1t1 on111 g ot t 1e o ::-1 \\ a 

· · . . G loi O itioninu is required fo r the po lari za ti on migration, leading to the conc lus1on that piopei O ::- r ~ 

needed to direc t cell mi grati on. 



~e ll Migration and Chemotaxis 

Cell migration is a requirement form It. I · · · u Ip e proces es 111clud111g development, immune 

responses, and tissue regeneration (A lberts et al., 2002). Abnormal cell migration can cause a 

number of pathological conditions including cancer cell meta tasi and in va ion. Chemotaxis is 

the migration of cells in response to a chemical stimulu , and typ ica ll y occur in a directed 

ori entation. For cells to mi grate, pol ari za ti on of the c II mu t fir t occur toe tab Ii h a front and 

back, or a leadin g and trailing edge. Thi i accompli hed th rough gradient of molecular ignals 

such as Rho family GTPase , namely dc42 . Rae I. and Rho . "hich in turn triggcr dramatic 

changes to the act in cytoskeleton. Microtuhulc arc critical to this proccs.· hccausc thcy help 

c tab Ii h the di tribution of the e ·ignal gradicnt . For cxample. Rho i: rcgulated hy the 

nucleotide exchange factor (j F-H I, \\'hich i .. pe ·i ti ·a ll y a ·1i, a11:d by 1T dqnlymeri1ati n and 

rendered inacti ve \\'hen hound to MT~ ( Krcndd et ol .. _002 ). ~l icmtuhu lc~ also transpon, esic lc · 

and needed molecule. lircc tl . Fnr cxamplc. the '1 _ .~ ·omplc., i~ an a ·1in-poly111eri1a1ion 

nuclcator in leading cell protrusion: nfmigrating cell. and 1. comro~ed of :-,e,en protcin 

· ·, h' I · · · I · I I· - · · t 1l1 · r1 11 l1t t1111 · tl1 •· e, cn 111 R1 1\ . needed subunits. Io ensure t 1s comp ex ,~ 111 11e ng 1l p ,1 .1 l t- • .. 

· · I · · t h 1I .. , "h ·r · the, ·ire then tran~lated and arc brought to the lcad 1n g cell protru. lllll~ 1: 1111 rn u l l l . ' 

· · · I 1 , · 1· ·t' (\1 inpl • ·t al "'l()tn rl1id;iml of rn R assembled in d1n:ct prox11111ty tn" 1ere t ll: un 1011 · ::- l c .. - - · 

· · · · I . . , ·· 1 11 nf the ,ul unit, l{1c;ilh "hich promotes local1n111on 1s thought Ill ensure a h1 g 1 u 1t1Llllll,l 111 -

· · · . I· I . l, 11,, 1,, ...., ·,th· d1ffu , 1n11 con:-,train h that their assembl y 1111n the larger prn1e111 u 1111p L\ . 1 •1 · 1 . 

hi 111 the ·_,ll111l,1,111 ti1lhl\\cd h: targdcd 
\\ nuld 01he1wisc be associated" ith ra11dl1111 a:-,:-. ' 111 : 

transport tn their site of action. 

. .. . 1)\ ·nntrnllin!.! thL· J, namic. of foca l adhesions 
ticrotubules abo re !.!ulatc cell 1111 gi ,i ti tll1 · L - · 

I 11. pull ii-..e l r :icn1::-::- the suhstrate ( Eti cnne-lFA ) . · . I , . ·II u,c, Ill 11u:-. 1 L -, s . \\·h1ch arc lc, cragc si te::- t 1L LL · · 



annc,·illc. 201 3). For example, MTs deliver inte r· 
g ins ar, d other FA assembly proteins to 

11 3 cent F s in the leading cell edge (Bretscher d y, 1 . 
an e asco, 1998). Simultaneously, other MTs 

target mature FAs in the rear, litera lly poking at the di . 
~ m repeate y, which correlates with FA 

disassembly (Kaverina et al. , 1999). Though the preci·se h · ·f h mec anism o ow MTs cause FA 

disassembly is not yet understood, it is thought to occur by locally modifying Rho GTPase 

signaling pathways (Stehbens and Whitman 20 I 2) Nonetheless FA d. bl · · d c: , · , 1sassem y 1s require ior 

the trailing edge to retract, allowing the migrating cell to move forward. 

Metastatic Breast Cancer 

Metastasis is the spread of cancer cells from their origin si te in one organ or ti ssue to 

another that is not directly connected with it. This process requires a sequence of complex steps, 

beginning with the detachment of cancer cells from the primary tumor, and their migratory 

invas ion through the basement membrane into the surrounding ti ssue (Hunter el al .. 2008). From 

there, they must find a way to enter the microvasc ulature of the blood or lymph system, and 

manage to survive the hemodynamic shear forces in the circul at ion away from their home 

microenvironment (Dong et al., 2005). They must then successfull y ex it the vasc ulature, invade 

a new host ti ssue, and proliferate in this fore ign environment (Stoletov et al., 20 I 0). Their ability 

to do all of thi s whil e avoiding apopto is or triggering an immune response is quite remarkable 

and still not we ll understood. 

B · h t revalent type of malionancy in women worldwide, with 1. 7 reast cancer 1s t e mos p c 

m·11· d. d · 20 12 (IARC & WHO 20 12). When tumors remain locali zed to 1 1011 new cases iagnose 111 ' 

· · I • · ·t hi oh at 98 8% (Howlader 20 15). the breast tissue, the 5-year relative surv1va ,ate is qui e ~ · ' 

IJ • d h . · I •ate drops to only 26.6%. Interesti ngly, metastat ic 
10wever, afte r metastatic sprea t e su1 viva 1 



si)read in breast cancer foll ows a di stinct pattern in ti t . . . 
- t ia metastases are more common 111 certa111 

organs, like lymph nodes, bone marrow liver and lung b t 1 ·t·· . . . 
- , , , u ess tequent 111 others, 111clud111g 

kidneys, skin, and pancreas (Mukherjee and Zhao 20 I,.,) St d. h h 
1 

. 
, .) . u 1es ave s own t 1at certa111 growth 

factors and small peptide molecules called chemokines are released f th rom ese common organ 

sites and can act as chemoattractants for breast cancer cells. For example, the chemokine 

receptor C-X-C chemokine receptor type 4 (CXCR4) is upregulated in some types of breast 

cancers, and its ligand CXCL12, also known as stromal derived factor I-a (SDF-la), is most 

highly expressed in the organs of first metastatic spread (Muller et al. , 2001). Binding of 

CXCLI 2 to its receptor induces act in polymerization and pseudopodia formation , leading to 

chemotactic migration. Similarly, epidennal growth factor (EGF) is expressed in a variety of 

health tissues, including brain, bone marrow, and lung, and has al so been shown to be a strong 

chemoattractant for breast cancer cells. When EGF binds to its cell surface receptor (EGFR), a 

tyrosine kinase is activated which starts a number of signaling pathways involved in proliferation 

and migration (Voldborg, 1997). A study by Kim et al. (201 3) also found SDF-1 a and EGF to 

work cooperatively to induce directed cell migration. However, why some breast cancer types 

are more likely to respond to these signals than others, despite equi valent receptor express ion, 

remains to be revealed. 

Study Objectives 

The first objecti ve of this thesis research was to look for ev idence of MT nucleation at the 

G · · II t ith different mi gratory potentials. Specifically, this olg1 111 two human breast cancer ce ypes \.\ ~ 

· b •·e r rearo,,·th to re vea l any colocali zations 
was done by depolymerizing MTs and allowmg 11 0 

. MT plus-end binding protein . This work utili zed 
between the Golgi , a-tubul111, and EB I- a ~ 



CF-7 cell s. \\'hich arc considered weakl y- invas ive with a low mi gratory potential , and MDA­

B-23 1 cells, which are significantl y more motil e and invasive. Given that Golgi-derived MTs 

are critica l for directed cell migration, this work was done to test the hypothesis that the invasive 

MDA-MB-231 cells exhibit MTs originating from the Golgi while the MCF-7 cells do not. 

The second objective of this thesis research was to determine if MT nucleation at the 

Golgi is more apparent during active migration compared to when cells are stationary. 

Specifically, this was done by inducing migration using the chemoattractant epidermal growth 

factor (EGF), and then looking for colocalizations between the Golgi, a-tubulin, and y-tubulin­

a requirement for MT nucleation . This was done to test the hypothesis that actively migrating 

cells exhibit more MT nucleation at the Golgi than stationary cells. 



MCF-7 Breast Cancer Cell s 

CHAPTER 11 

Ce ll Types 

MCF-7 cells named after the Mich · c F · 
, 1gan ancer oundat1on and the seventh attempt of 

Herbert Soule to generate a stable cancer cell line, were originall y isolated from a metastatic 

pleural effusion site deri ved from a mammary gland tumor (So ule et al., 1973). These ce ll s have 

been described in nearly 25,000 published studies, ri valed in popularity onl y by the HeLa cell 

line (Lee, Oesterreich, and Davidson, 2015). They have been particularly useful in breast cancer 

research because they consistently maintain high ex press ion level of estrogen receptor alpha 

(ERa), a feature fo und in over half of all human breast cancers (A li and Coombes, 2000). Their 

study has led to increased understanding of proliferat ion in response to estrogen and the 

development of ER-targeted therapies fo r breast cancer treatment . In culture, MCF-7 ce ll s are 

nonmotil e and regularl y fo rm dense clumps with numerou desmo omes tightly connecting ce ll s 

to one another (De Bruyne et al., 1988; Holliday and Speir . 20 11 ). In 1·itro migration tudies 

consistently report low in vas ion rates for MCF-7 cel ls (Bozzuto et al .. 20 15; ieman el al., 

1999), though some studi es have sho\\'n chemoattractants. such a epidermal gro\\·th fac tor 

(EGF, Io ng/ml ), can induce in vas ion in these ce ll s in a chernota.\is chamber e.\periment (S un el 

al., 2005). However, 50 ng/ml EGF did not stimulate MCF- irn asion in an under-agarose ce ll 

111 · - 1· (Kh · 1 I 7006) This leature of ncnerally IO\\. miuratory potential made 1gia 1011 assay aJa 1 el a ., - . ' = ~ 

these cell s particularly useful for thi s thes is research. 



MIJ -MB-231 Breast Cancer Ce ll s 

The MDA-MB-23 1 cell line was one of 19 h b · 
um an reast carc111oma ce ll lines deri ved 

frot11 patients at M.D. Anderson Hospital and Tumor Institute a d 1·k MCF 7 11 · · d , n I e . - ce s, ong1nate 

from a metaStatic pleural effusion site (Cailleau, Olive, and Cruciger, 1978). Ln their original 

characteri zation, MDA-MB-231 cells were described as spindle-shaped cells that lack estrogen 

receptors and spread randomly, rather than forming dense epithelial sheets. They also lack 

progesterone receptors and human epidermal growth factor receptor 2 (HER-2) (Subik et al. , 

20 I 0), making them "triple-negative" like approximately l 0-15% of all breast cancers, and thus 

insensiti ve to the receptor targeted treatments cu1Tently available for other breast cancer types 

(Chavez et al. , 2012 ; Chen and Russo, 2009). Triple negative breast cancer is particularly 

aggress ive, and the MDA-MB-231 cell line is no exception. Not only are they fast growing, but 

also highl y invasive, as demonstrated in numerous in vitro assays (scratch/wound hea ling, 2-D 

and 3-D Boyden/transwell chambers, microchemotax is chamber, biomimetic electrospun 

nanofiber 3D environments) (Bozzuto et al. , 201 5; Nieman et al., 1999; Price et al., 1999; 

Nelson et al., 2014) as well as in vivo (Patsialou et al., 2009) . It was thi s high migratory potential 

that made the MDA-MB-23 1 ce ll line of particular interest fo r this thesis research. 



CHAPTER III 

Materials and Methods 

Cell culture 

Both ce ll types were acquired from Ameri can Type Culture Collection (ATCC; MDA­

MB-23 1, catalog #HTB-26 and MCF-7, catalog #HTB-22) and were grown in complete media 

containing Dulbecco ' s Modified Eagle' Medium (DMEM) (ATCC, catalog #30-2002) 

supplemented with I 0% fe tal bovine erum (Them10Fi her cienti fie , cata log # 10082- 139), and 

2% antibioti c/antim ycotic (ThermoFisher Sc ienti fic , cata log # 15240-096). Cell were grown in 

75-mm~ seed fl asks until confluent, u uall y within 5 to 7 day fo r DA- B-23 1 cell , and 7 to 

IO days fo r MCF-7 ce lls. Cells \ ere then removed from the eed Ila k \'i a 5 minute incubation 

with 0.5% tryp in- EDTA in pho phate buff red a line (PB . . pH .0). t the end of 5 minute , 

fresh medium was added to stop the trypsin reaction. and the re ult ing medium-tr p in-cell 

soluti on was centrifuged fo r approx imately 7- minutes . The re. ult ing pellet " ·a re upended 

using 5 ml ol' Ire h complete med ia, \\'hi ch " ·a. then u ed to start a nc" · . eed Ila k or di\'idcd into 

35-mm gla s bottom dishes ( atTek, catalog HPJ:Ci -1 .0-1 -t -C) at arproximatcl _ I 00.000 ce ll 

d. · · S ct · •I · · ., t · , t ' d ,,-1.th 11l1l ,·-I -1\·-;ine ( i0 rna-J\ldri ch. catalon per 1sh lor experim ents . . orne 1s 1es "er1.: 11.: a c _ - r · = ::i 

#P4707) to help keep ce ll s adhered thro ughout c:qxrimcnts. Ce ll.· " ere maintained at 3 7°C in 

5% co~ in air. 

MT Dcpo lymeri zati on and Rcco,·ery 

. . .1, . •tes the exi stinu IT array had to lirst be 
To better v1sual1 ze the MT nuc d tll o n sr · -

. ., . _. , fl\' . Thi · alk1\\ cd detection of nucleation events 
depolymenzed and then all om~d to 11.: gro" hr re: -

•. .
0 

b\' the ent ire ;-..IT net \\ ork. To depolymerize the 
that would othenYise be obstructed 11 0 111 1) 11 -



l.U 

MTs the ice recovery assay outlined by Grimaldi et 1 (2014) . . . 
, a · was used as a startmg pomt. Thi s 

·ocedure involved incubating the 35-mm glass bottom d' h . . . . 
pl ts es contammg ltve cells on ice for 40 

minutes, based on the premise that cold treatment can depolymerize MTs. This proved effective 

for the MDA-MB-23 l cells, but not for the MCF-7 cells. The nocodazole washout procedure 

described by Zhu and Kaverina (20 I I) was then attempted, which employed 2 hours incubation 

in 8 µM nocodazole (Sigma-Aldrich , catalog #M 1404)-an anticancer drug known to interfere 

with the polymerization of MTs. This method al so left many MTs intact in M F-7 cell s, and 

increased incubation times in IO µM nocodazole , re al o te ted (3 hours-26 hour ) ,,·ith poor 

results. Ultimately, the onl y method that proved ucce fu l fo r complete! depolymerizing MT 

in MCF-7 cell s was 5 hours of IO ~LM nocodazo le treatment, fo llo\\'ed b !i ,·c rin e in media, 

and 30 minutes of ice incubation. Conver ely, 4 hour of IO µ nocodazok treatment alone ,,·a 

sufficient for depolymeri zing MT in MD - 8-_.., I cell . 

For cell s whose MTs , ere allo,,·ed to rcco\'cr after di:as:cmbly. medium ,,·a · rcmo\'cd 

and replaced with warn'\ medium (37 C), and the dish placed on a plastic tray lloating on a ,,·atcr 

bath set to 41 °C (thermocouple measured top or tray to he 3 C) for the spccilicd time (20-300 

cconds) . 

Extraction Buffer and Fixati on 

. 1., _ . . ,J Ill reduce the am()unt or free tuhu lin 
. I . , ·1r·1c t1 on bu! LI , , as us1.: To 1mpro\'c MT c ant y, an ex 0 

. . \ . ·u"ocstcd b\' ()chna ct al. (201 1 ), the ·I · · ,. d ,. 1111 to remain . t s s == · , \\'1t 1m cell s \\'hile all owmg ooun wou 

\ IJ · .,1 cat·Jloo :: PI l' ') I), pl I 6. , I 
, . . . . . PIP ES (Sigma-1 m . , = -
ntract1on buffer ,, as mack using 80 mM 

·1 ~1 c·I (J T Ba~cr. catalog ==l -2-+-+-+ ) (PEM .., 8 9 ). I 111 I \' g ~ . . 1nM EGTA (Sigma-Aldrich , caw log #EJ _
0 . - I 0 - BPl')l-l00)and2) 1/o . F. 1 ,r Scicnul1c. cata o= - -

buffer) , supplemented ,,·ith 0.5% Tnton-X l 15 1
c: • 



J. / 

("·tJvol) glycerol (S igma-A ldri ch, catalog #G55 I 6) · . . 
immediately before use. Ex traction buffer 

\\'as kept on ice for at least 30 minutes before use I d' 
1 · mme iate Y after the regrowth time, medi a 

were removed from the cells and replaced with 1 ml f · Id . 
o ice co extraction buffer. Ce ll s were left 

on the bench top in the cold extraction buffer for 5 minutes .· d . . 
, 1 mse once with extraction buffer, 

and then immediately subjected to fixation in ice cold anhydrous methanol (99_8%, Sigma-

Aldrich, catalog #322415). Fixation occurred at -2ooc for five minutes, followed by three five 

minute rinses in PBS. Cells were left in PBS at least overnight to rehydrate before staining. 

EGF-lnduced Migration 

To induce migration, cells were first placed in serum-free media overnight. The following 

morning, 20 ng/ml EGF (PeproTech, catalog #AF- I 00-15) was added to the media. Cells were 

periodically checked over the next eight hours for morphological changes indicati ve of 

migration . After eight hours, cells were fix ed using cold anhydrous methanol at -20°C for fi ve 

minutes, and rinsed in PBS three times for fi ve minutes each. 

lmmunofluorescence 

To each plate of fi xed cells, 1-2 ml of blocking buffer containing PBS, 5% horse serum 

(Th F. h s · ·fi I # 16050 1.,0) and 1 % bovine serum albumin (BSA; Sigma-ermo 1s er c1ent1 1c , cata og - -' 

Aldrich, catalog #A 7034), was added and incubated for 40 minutes to one hour at room 

. . . · I I rat anti-a-tubulin (YLl /2, ThermoFisher temperature. Primary ant1bod1es 111cluded monoc ona 

I 1 . bb 't anti-GM J 30 (c is-Gol0 i matrix 
Scientific , catalog #MA 1-8001 7; I :800), pol yc ona I a 1 0 

. . 077 . 1.800) monoclonal mouse anti-EB 1 for the 
protem, ThermoFisher Scientific, catalog #PA l- ' · ' 

. . nd-bindinS! protein ; 1 A 11 /4, Thern10Fisher 
di sassembl y/regrowth experiments (MT plus e ~ 
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. ·,· , , taloo #41 -2 100· 1·5000) d 
• c1c11ll ic, ca O 

' · 'an monoclonal mouse anti-y-tubulin for the migration 

·periments onl y (Thermo Fi her Sci en ti fie catalog #MA I 850· I ·SO) C 
11 

• b d · h 
C\ ' - , . . e s were mcu ate wit 

primary antibodies sequentially for one hour each at room temperature and then washed three 

times for five minutes each, using fresh PBS each time. Secondary antibodies included anti-rat 

Alexa-Fluor 568, anti-rabbit Alexa-Fluor 488, and anti-mouse Alexa-Fluor 405 (TherrnoFisher 

Scientific catalog #s A-11077, A-21206, A-31553; I :500 each). Secondary antibodies were 

incubated with cells simultaneously for one hour at room temperature covered with foil to protect 

from light. The cells were then washed three times for five minutes, using fresh PBS each time. 

In some experiments, the nucleus was labeled using a few drops of Hoechst 33258 

(ThennoFisher Scientific, catalog #H 1398; I mg/ 15 ml) added to cells for fi ve minutes at room 

temperature, followed by three five minute rinses in PBS. 

Microscopy and Image Acquisition 

· d · 1·kon Ec li pse Ti in verted laser canning After staining, cells were image usmg a 

. . h Pl A 60 , 1 4 numerical aperture oil immer ion confocal microscope equipped wit an po x • 

• d · N IS Elements Advanced Research objective. Z-stacks with 0.125 µm steps were acquire u mg 

. k from li ve ti e Ids of view containing 10-15 version 14.3 . For MT regrowth experiments, z-stac s 

. . ·o ation ex eriments, z-stacks from ten fi elds of ce ll s each were analyzed . For EGF-mduced 1111:::ir P 

view conta ining 1-4 cell s each were analyzed. 

Colocali zation and Statistical Analysis 

·] bet\\·een the different color signals in · · I for 0\'e1 ap Z-stacks were evaluated qual itative Y 

I d quantitati ve ly using lmageJ (Fiji; 
I. t' 1 was also ana yze merged channel images. Coloca 1za 101 
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Rasband . 1997-20 15) so il ware. Fir t, each z-stack was auto t· 
11 

.
1 

. 
ma 1ca y t 1resholded using the 

Moments-preserv ing bi leve l method (Tsai 1985) Maiide. C 
1 1

. . . 
, · . 1s o oca 1zat1011 Coefficient (MCCs) 

were then calcul ated for each thre holded z-stack using the JACoP plugin (Bolte and 

Cordelieres, 2006). The MCC value is calculated as follows· Let A be I ( d ~ 
1 

) • a co or re , 1or examp e 

and let B be some other color (green, for example). The MCC value is the proportion of A 

coloca li zed with B relative to the total amount of A present (MCC = r A ~o~oc 8 ). This software 

analyzes each slice in the z-stack individually but then gives a single MCC value for the entire z­

stack. For each z-stack, this was done four times, once for each of the color combinations: red 

colocalizing with green, green colocalizing with red, green colocalizing with blue, and blue 

co localizing with green. In the results section, these comparison are indicated using the 

. . a-tubulin coloc GM130 
respective proteins of interest: . , for example. JMP Pro 10 was then used to 

a-tubulm 

calculate all descriptive and inferential statistics for the MCCs. Levene's test was used to test for 

equal variances between groups. If variances were equal, a one-way A OVA was used to 

compare group means. If vari ances were unequal , a Welch 's A OVA was used. Tukey's post 

hoc test was used to determine which groups were significantl y different from one another. 
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CHAPTER IV 

Results 

General Observations 

In our cultures, MCF-7 cells regularly fonned rounded, densely compacted clumps of 

cells (Figure I). It was often difficult to make out distinct borders between individual cells. After 

cell di vision, daughter cells remained adjacent to one another, rarely moving from their point of 

origin . Staining for the cis-Golgi marker GM 130 revealed a scattered distribution of Golgi 

fragments in control MCF-7 cells (Figure 2). This was an unexpected find , as most animal ce ll s 

tend to have a more compact, perinuclear an-angement of the Golgi. Thi feature of in-egular 

distribution is not something commonly reported in the literature for MCF-7 cell , but was 

regu larly seen in our experiments. 

10 ·) d ( B ) confocal (60:,;) \\·ith a-tubu lin . · A) l as·con trasl( -t x an . ·. · · F1 oure I Control MCF-7 ce ll s seen 111 ( P 1 
c: 

1 
·a,· ·I\' mo\·ino a\\-a\' trom the11 ong1n ::, . I t· . 'O npact C umps. I < L • :::- • (red) and DNA (blue) labeled. These ee l s 0 1111 c 1 

site. Scale bar represents l 0pm. 
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Figure 2. Go lgi di tri buti on in M 'F-7 cell . nl r I I 'F- ell . tained fr a-tubulin (red) and 1 11 .,0 
(green). The Golgi appea r rel atively . altered in b th mil ti ell. and interpha. c cell. seen here . . calc 
oar represents I 0~1111 . 

In our cultures, MD - B-- ., I cell. exhibited a .·pindk . hared morphology." ith 

cytopl asmi c extension com mon (Figure ). The ·c cell: gr'w ,cry rapidly. but e.,istcd in a more 

imhiduali zcd manner rather than the den. e clump. seen in 1\ 1 'F- ·ells . When ~IDA-l\ '113 -2., I 

cclb di\' ided. the daughter cells stretched far apan in opposite dirction . . and rarely stayed in 

close proximit y to one another. ,·en ,,·hen un:timulatcd. cells ·ould olten he . een ,,ith a di tinct 

leading edge ind icati \'e or mi gra tory beha, ior (Figure -I ). When stained for C, I 130. the Colgi 

appeared more typ ica l in that it ,,·as relati,·ely compact and in · lose proximi ty to the nucleus. 



Figure 3. Control MDA-MB-23 1 cell s seen in (A) phase contrast (40x) and (B) confoca l (60x) with a­
tubulin (red) and DNA (blue) labeled. These cell s are more fib roblast-like, exhibi ting numerous 
cytoplasmic extensions and a more individuali zed appearance. Scale bar represents I Oµ m. 

1 I a . Microrubules (a-tubulin ) can be 
• · a · a ·a tor\' morp 10 o,,:, · 

Figure 4. Contro l MDA-MB-23 1 ce ll showm,, 1111
"

1 
.. • . ents I Opm. 

. ~ .. Scalebai 1ep1es seen 111 red and the Golgi (GM 1.,0) 111 gieen. 



Microtubule Disassembly and Regrowth in MCF-7 Cells -
M icrotubules in MCF-7 cell s proved very difficult to experimentally disassemble. Table 

1 summarizes the various methods used that proved unsuccessful. Some example images of 

fa il ed experiments can be seen in Figure 5. The only method that consistently eliminated all 

MTs in these cells was 5 hour treatment with I 0µM nocodazole followed by 5 rinses in fresh 

media, and 30 minutes on ice (Figure 6). To eliminate free tubulin after disassembly, 5 minutes 

in ice cold extraction buffer followed by l rinse in fresh extraction buffer was necessary. 

Experimental Method 

40 min ice 

45 min ice 

2 hour 8µM nocodazole 

3 hour 8~tM nocodazole 

2 hour I 0µM nocodazole 

4 hour I 0µM nocodazo le 

5 hour I 0µM nocodazole 

8 hour 1 0µM nocodazole 

12 hour 1 0µM nocodazo le 

16 hour 1 0µM nocodazole 

26 hour 1 0µM nocodazole 

5 hour I 0~tM nocodazole + 30 min ice 

. bl . all MTs 111 MC F-7 cells. All . d in the att empt to d1 sassem ) ~ . . 
Table 1. Li st of ex pen mental methods use ~ 

1 
. 1 Oit M 110codazole JO 111 111 ice. 

f r the last. ) 10UI r methods proved unsuccess fu l except O · 



Figure 5. Fai led attempts to di sassemble microtubules in MC F-7 ce ll s. Ma :-: intensity images from z­
stacks showing MCF-7 ce ll s after (A) 40111 ice incubati on (B) 2h IOpM nocodazole incuba ti on (C) Sh 
IOpM nocodazole incubati on and (0) 26h IOpM nocodazo le incubation. In all photos D A is seen in 
blue and a-tubulin in red . Prolonged incubati on in nocodazole can cause mi totic arrest in prophase, as can 

be seen in some cell s in C and D. Scale bars represents I Opm. 



Figure 6. MCF-7 ce ll s after succe srul T di a ernblY. Mi rotubulc: were rcmo,-cd in the c cell ,·ia Sh 
IOpM nocodazole incubati on fo ll owed bY 5 rin cs.~ ;11 ice in ubation. 5111 e:-,.traction buffer incuba ti on. 
~nd I rinse in fresh ex trac ti on buffe r. 1 o~e the callercd ,olgi (green) and the lack of tubuli n (red ). Thi 
1s a max intensity projec tion or a z- tack. , cale bar rcpre. ents I Op 1. 

In genera l, MT regro,,·th seemed to occur at slightl y diff'rent rate. bet\\ cen experiments. 
~ ~ 

making it difficul t to reproduce exac t! ., comparable lengths bct,,ccn cell types. The im ages used 

lor analys is fo r MCF-7 ce ll s \\'!;~re a rter-+ minutes ofregn1\\th (Figure ). \\ hi ch wa a bi t longer 

than it took MDA-MB-n I cell s to reach comparable length5· 



:igu_re 7- Microtubul e regrowth in MCF-7 cell s fol lo\\'ing MT di sassembly (5h nocodazole ... 30m ice + 

1

; tegrowth). Max intensity images for individual channels can be seen tor (A) a-t ubulin (8 ) GM I 30 and 

b 

) EB l . (D) Merge of A-C, showing litt le overl ap bet \\-een the red a-tubul1n and the green Go lgi, or 

etween G l . ~ o g1 and blue EB 1. Scale bar represents I Opm . 
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. tubule Disassembly and Regrowth in MDA-MB-231 Cells Micro 
~ 

MTs in MDA-MB-231 cells proved much easier to disassemble than MCF-7 cell . Forty 

. tes of ice incubation followed by fi ve minute in ice cold extraction buffer and one rinse in 111 inu 

h Xtraction buffer was sufficient to remove all intact and free tubulin. Thi m thod left the fres e 

Golgi relati ve ly intact, as can be seen in Fi gur 
icrotubule , re al o di a embled u ing 

four hour IO µM nocodazo le incubation fo ll owed b fiv minute 111 1 e Id extra ti n buff r 

d e rinse in fresh ex traction buffer. Thi an on lgi Figurt: imilar t that 

· MCF-7 ce ll and thu both meth d seen 111 ' 

. I - tuhul. \\Cr' cl1m111a1rd in thc,c 
I \IT<li ·a cmhh . ian 

1 
•t ( . )ll.!1 Fi11 urc 8 MD -MB-231 cell s alkr rn 1111 ·ti: · · .. 1 1,·

111 
uhation . otc tlH.' rc la t,,c ~ inta1.: 11d-

::- ' · - · B) ➔ h 1011 :'\I 1H 'l l\.lJ / O . • • ,liilh clm1111a tc u-Cl' il s , ia ( ) ➔Om ici: 1ncubat1011 or ( . . . . . · 13 n th tr ·atm ·nh ' 11 u: · 
. I' ·ri: rse I ( Jl)h!l . Ul Ill . IO llll (~1w11 ) in cornrari:d to the mon.: i:-. ·. . - . . - .. 

1
, . har rcpn:'-cnh I 

- . . 1, I rn1 . 11 0 11, . . l , tubulin (red ). 80th images ari: nia , intuisi · · 

() . 'l) ll<l , l)r r ' !.! fO\\ th ~, ··II " er · -· 1 . . ·., ror \1D:\ -\1B·--' The ima!!.cs used !or ana ) :-.1. 

- J 1 ,I • tr ·.11111 ·11 1. . I 1· llln , in!.! tllK' '' .1 ( 
J . lll ,. ' l' fl) \\ 11 () -. . . I ( 0 . ·cnn ~ ::-lollo \\'111g 1cc treatment. am 1 :-.L 



;;~ure 9- Microtubule regrowth in MDA-MB-231 cell s following MT disassembl,· ,·ia 40 min ice + 40 
ici':[~wth. Max intensity images of individual channels can be seen fo r· {A) a-tubulin _I B) GM I JO_ and 
a,. · ( D) Merge of A-C, show mg some over I ap bem een the r nd" r dua I channels, as rnd rcated w, th 
st;:;\;hough this is a max intensity image, o,·erlap was sti ll present within individual slices of the z-

ale ba, represents I 0~1111 . 



~;gure 1 0 · Mic rot u bule regrowth in MD A-M 8-'3 I ce II s fo 11 owing MT d isassemb I y ,fa 4h nocodazo le + 
IC; ;growth . Max intensity images fo r individual channels can be seen for (A) a-t ubulin (8 ) GM IJO and 
tll . 8 I. ( D) Merge of A-C showing poi nl s of o ,erlap bet ween c hanne Is, as md ,cated by arrows. Though 
re"/' a max intensity image, overl ap was still present "i thin ind i,idual slices of the z-stack . Scale bar 

P esents I O~trn . 
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Coloca li za tion fo r Regrowth Experiments 
~ 

z -stacks from fi ve fi elds of view were analyzed fi 
1 1

- . 
or co oca 1zat1 on for each ce ll group. 

Although the im ages shown above and in the appendix are max-intensity images, the JACoP 

so ftware analys is evaluates color overl ap within each ind iv idual li ce and detern1ines a 

coloca li zation va lue for the entire z-stack. Four colocalizati on alue are produced for each 
2

_ 

stack: red co locali zing with green re lative to the tota l amount of red pr ent; gr en coloca li zing 

wi th red relati ve to the total amount of green pre ent· green coloca li zing \\'ith blue relati\·e to the 

total amount of green present; and blue coloca lizing with gre n relative t the total amount or 

blue present. The group mean and standard deviation for ca h or the ·c c mbination · an be ecn 

be low in Ta bl e 2. All gro up had eq ual variance a cording to Lc,·enc': tc: 1. ·o a onc-,, ay 

A OVA was used fo r each compari on (Table 2). 

Mander's CC 
Mean± STD 

a -tubulin coloc GM130 GM130 coloc a-tubulin 

a -tubulin GM130 

GM130 coloc EBl 

GM130 

EBl coloc GM130 

EBl 

MCF-7 
Noco + Ice + 4m 
regrowth (n:::5) 

MDA-MB-231 

0.15 ± 0.08 

0.13 ± 0.08 

0.08 ± 0.06 

-t 
0.82 ± 0.11 

0.02 ± 0.004 0.16 ± 0.09 

t- t- "' 0.24 ± 0.15 0.18 ± 0.09 

Ice+ 40s regrowth 
(n=S) 

-I 
F=69.6320 
P<0.0001* * 

F=S.3395 

* ~ P<0.0219* 

MDA-MB-231 
Noco + 60s 
regrowth 
(n=S) 

0.39 ± 0.09 

F=l6.0516 
P<0.0004* 

0.24 ± 0.07 

* 
0.15 ± 0.11 0.38 ± 0.17 

F=S.0604 

"' 
P< 0.0255* 

. . \ ·r·J"l' \1 :in<ler ·s Colocalit'.ation 
I , Ill '11 t, . \ ' - . ' T. . . . 1, 1· • i\1Treuro\\t1e\rln ·· · . . - , .

1 
cup \\·ere ,Ible 2. Coloca li zat1 011 sum m,ir_:- t:ib L rn - . . ,· ·ombinauon arL s JO\\ 11 · 1 ro . .. 

(' .. . . . ., I - for each col ,11 piotLill 
I 

u ps \,·ith diltcrent oe tt1c1ents and standard de \·1at1on IL SU t:-. _ , \\" ithin each co umn. :orou · . . 
. d Tukc\ · - post-h ,K tt: Sl. . - , ·I , re not. S1!m1fican t con1pared us111 g one-wa\ ANOY.A.s 3 11 · 

1 
.
1
, 

10
. , with the :,alllL siapL a -

I . ': . • .. . . ·. ·another.\,11 tlSL siapes are s1crn1h canth· d1tter~nt t1om 0llL 
::, . 

P-\"alues are in red. 

* 
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a-tubulin coloc GMl30 

a-tubul in 

• 

MCF-7 Noco+lce M DA-MB-231 Ice 

.:>.l 

* 

MDA-MB-231 Noco 

Figure 11. Average proportion of a-tubulin (red) colocali za ti n \\'ith G 130 (green ). En-or bar 
reflect standard deviation . Group with different hape are igni fi anti di ffcrcnt from one 
another, while groups with the ame hape are not. In thi ca e, the nocodazole-1rea1cd D -
MB-23 1 ce ll s had a significantl y hi gher colocali zati n \'alue (p 0.00 -l ) than the other 1,, 0 

groups. 
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0 
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~ 0.6 
u 
4-

0 0 4 
C . 

0 
't 
0 0.2 
Q. 
0 
I... 

Cl. 0 

• 

GM130 coloc a-tubul in 

GM130 

* 

MCF-7 Noco+lce 
MDA-MB-231 Ice 

• 

MDA-MB-231 Noco 

_ . 
1
.(, r-. t I jO (!.!rccn) colocali za 1ion ,,·i1h u.-

F' . . ,. a ' ropo1t1on ° 1 
- - - · d·1·1·, . 1gure 12. Bar oraph showing the a, tta::-c P d d ' -,., 1·1011 (J rours ,,11h I e1cn1 . ' = ' - . . . tl I siandar L, i,, . 

lubu lin (red) for each ce ll 2:roup . Err01 bat s ie ec - 1 ·1 u1" · ,, i1h the ·ame ·hapc are not. In 
~ . I . ,,·11c !!rO I • • • 

shapes are si2:ni ficantl)1 different trorn one a not ,et· _. -1-: anth hi2:her colocalt zauon ' alue 
I · ~ ,-. I , ll s had a ~1Q:t1t tc , - -
tit s ca e, the ice-treated MDA-MB--.J ce -
(p<0.000 I) than the other nrn groups. 
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ro 
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~ 0.6 
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~ 0.4 
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0.. 0 • 
MCF7 Noco+lce 

GM130 coloc EBl 
GM130 

* 

MDA-MB-231 Ice 

*4i 

MDA-MB-231 Noco 

Figure 13. Average prop011ion ofGM130 (green) colocalization with EB I (b lue) for each ce ll group . 
Error bars reflect standard deviation. Groups with different shapes are significantly different from one 
another, while groups with the same shape are not. In this case, the ice-treated MDA-MB-23 1 cell s had a 
significantly higher colocalization value (p<0.0219) than the MCF-7 ce ll s but not from the nocodazole­
treated MDA-MB-231 cells. 
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MCF-7 Noco+lce 

EBl coloc GM130 

GM130 

MDA-MB-231 Ice 

* 

MDA-MB-231 Noco 

. . . 
1 

GM 130 (Q'reen) for each ce ll group. 
F . . bl ) loca l1 zat1on wit 1 ':' - , d' t· .. • t f 0111 one iguie 14. Average proportion of EB I ( ue co . _ 1 1-e siarnticantl) 1 ieien r 
E · 1 d fterentsiapesa "' o MB ? 1 1 

rror bars refl ect standard deviation. Groups wit 1 1 
. the nocodazole-treated M A- -_ .) . 

another, while groups with the same shape_ are not. In thO,sO~a5s;)· than the MCF-7 ce ll s but not from the ice-
cell I • 1· val ue (p< · -5 iad a significantl y higher coloca 1zation 
treated MDA-MB-23 1 ce ll s. 



£
Gf-!nduced Migration in MCF-7 Cells 
~ 

Exposure to EGF induced a prominent morphological change in many of the MCF-7 

cells. In contrast to the densely packed sheets of rounded cells seen in control plates, EGF-

t d cell s began detaching from one another as they pread out aero the dish. Man 
trea e 

individual cells took on a ste\ late morphology, exhibiting cytopla mic exten ion in num rou 

. t'ons The Golgi distribution in the EGF-treat d 
direc 1 · 

F- c II till app ared general\ 

tt 
·ed Thouoh many cell s had ob iou ly mo ed fr m th ir ite pri r to - F expo_ure. they 

sea e1 . b 

still never seemed to properly polarize and di pla a definiti\'e leading dg . Link \'crlap 'ould 

between their green Golgi and blu y-tubul in ( · igure I . 
be seen 





Figure 16 E A-C sl . GF-treated M CF-7 cell stained fo r (A) a -lUbul in l B) G~ I 130 and l Ci y-tubulin I DI Merge of 
· 10 ws littl e ·I • · · intens·t . ove1 ap between the blue y-tubul1n and the green scanered Golg1. Aga in. these are max 

I Y 1!11ao t' ::,es rom a z-stack. Scale bar represents I Op rn . 
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I d
uced Migration in MDA-MB-231 Cells 

gQ_GD--
Control MDA-MB-23 l cells commonly exhibited a migratory morphology in ullur . and 

, osure to EGF did not have a dramatic of an e~ ct n II hape it did r r the \ F-
thUS exp 

Onetheless treated MD -MB-23 1 cell did app ar to mi grat mor~. gi, ' 11 that th,, ,,er ' 
ce ll s. ' - - · 

•dely di persed in the di h aft r F expo ure. I t tn:at'd ell. di pla) ed a p larir 
more w1 

h l
ogy with the Golgi on on id r the nu I u . . u uall) m med t \\ar<l ,t I ·a<ling · -II 

morp o 

. 
1 

omc eel I ·, con idcrablc O\'crlap uld be . ecn bet,, cen the •r · ~ Cit I'' and th· hlu · ·t · 
edge. n 

tuhulin (F igure I ). 



J/ 

Figure 17 Co . of A-C I. nt, ol MDA-MB-"3 1 cell stained for (A) a-tubulin (B) GM I 30 and (C) y-1ubulin. I D) Merge 
s iows minor overl ap between the blue y-wbul in and the green Golgi . Scale bar represents I Oµm. 



Figur~ 18 \ierg, or }~F-!reatcd WA- I 8-23 I cc 11 slai nc<l ll'r I A) u-111bnl in I Bl (;) I L'II an<l I Ci y-111bulin . I ll 1 
I 011 n1. sho\\ s more o, er I a p be 1 \\Wl 1 he bl uc y-111bu h u and 1h ' gr -en l,nl g, . . ca k bar rcprc-cn1s 



Coloca li n1tio11 k1r Migration Ex periments 

Z-stacks from ten li e Ids o f view were I d • . 
ana yze fo r co loca l1 zat1011 for each ce ll group. The 

uroup mean and standard deviation for each of the c . 
1 

I . . . 
::: 

1ou1 co or prote111 comb111at1ons can be seen 

below in Table 
3 

a
nd 

Tab le 4· T-tests were used to compare contro ls to EGF-treated fo r each ce ll 

type. The approp ri ate one-way ANOV A was then used to compare all groups (Figures 19-22). 

a-tubulin coloc GM130 GM130 coloc a-tubulin 

a-tubulin GM130 
GM130 coloc y-tubulin 

GM130 
y-tubu lin coloc GM130 

y-tubulin 

MCF-7 0.02 ± 0.01 
Control (n=lO) 

0.39 ± 0.16 0.17 ± 0.08 0.03 ± 0.02 

~ -t -t 
MCF-7 0.06 ± 0.04 
EGF-treated 

0.60 ± 0.17 0.09 ± 0.08 0.10 ± 0.06 
(n=lO) t = 3 .344 

P<0.0069* 
t= 2.869 t= -2.088 t= 4.064 

* P<0.0102* 

* P=0.0513 -t P<0.0021 * 

Table 3. Co loca lization summary tab le for MCF-7 EGF-induccd mi gra ti on. Summary tab le showing 
mean Mander's Coloca lizati on Coeffi cient and standard deviation result . Groups were tested for equal 
vari ances using Levene's test. The appropriate t-test was then used (assu ming equal \'ariance or 
assuming uneq ual variances) to compare group means. Wi thin each column. gro ups with differt:nt shapes 
are significant ly different from one anoth er. whil e those with the same hape are not. Significant p-va lues 
are in red. 

* 

a-tubulin coloc GM130 GM130 coloc a -tubulin GM130 coloc y-tubulin y-tubulin coloc GM130 

a -tubulin GM130 GM130 y-tubulin 

0.02 ± 0.01 0.50 ± 0.14 0.19 ± 0.10 0.06 ± 0.04 

t- -t "' 0.20 ± 0.11 0 .89 ± 0.10 0.15 ± 0.18 0.47 ± 0.23 

t=52.559 t= -0.537 t=S.680 t =7.250 

"' P<0.0001 * P<0.0001* * P=0.5977 P<0.0003* 

Tabl . . . . . ab le lor MDA-rvlB-231 EGF-i nducecl migration. Average Mander's 
e 4. Colocali zat1 on su111111a1) t 1 . t· . acli color/p1·otein combination 

C I . . d d d .· 1· 1 result ares 10\\ n o1 e, . o oca l1 zat1011 Coeffi cients and stan ar e\ ia 101 . . ti d 
· · · L ~ . · test The appropriate I-test \\ as 1en use 

Groups were tested fo r eq ual variances usll1g . t: \ ene s ) . pa,·e aroup means. Within each column 
( . . . · 0 eq ual \'anances to com , ::: . ' 
assu111111g equa l variances 01 assu111 111.= un . ,. t·· 311011,e,· ,,·hile those wnh the sa me shape 

· ·t· ti · d1tterent 10111 one · groups with different shapes are s1g111 1can ) 
are not. Sign ili cant p-va lues are in red. 

* 
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(green) fo r each ce ll group . Error bars refl ect tandard de,·iat ion. Levene' s test indicate these groups 
have unequal va ri ances so Welch's A OY and Tukey· pot hoc te t \\'3 u ed to compare group 
means. In thi s case, there is a signi fica nt differe nce bet\\'een group (F= 11.3 9. p<0.0002*). Group , ith 
diffe rent shapes are signifi ca ntl y di ffe rent from one another. \\'hile groups \\'i th the ame shape are not. 
The EG F-treated MDA-MB-23 1 ce ll s have a signiti cantl y higher coloca lization \'alue than the other three 
groups. 
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Figure 20 . A,·cragc proportion ol CJI\ I I _,() (=1_1.:Lll) . ,,. .. .. 111 . . , ,, rouiis ha,c equal ,ariance · o a one-
E . • L, ,11 , • test 111u1L,l1Lu lLSL = 

rror bars rell cct standa rd de, 1at1on. 1.: \ 1.: 1.: · - . . . , ". iup means. In this case. there \\·a a 
. I , ·1 ··r used to L0l11p,111.: _ll 

\\ayANOVA and Tukey s post lO C IL S ~·~ 1 - ..... o 0001 *).-Groups \\ith different shapes are 
s1gn1lican1 difference be1,, cc11 groups (F - 2-_ -- 60· P _· . 

1 1 , same shaiic arc not. The EGF-treated 
.· . - ... . I ,. \"111 I, "roups \\ll 1 l lL - - Th s1gn 11Ica111 h· d1ll erent trom one anot lLI .' L = 

1
. . ,,,u, than the other three !:rroups. e 

, · . . - J I "nh ' r coloca 11a11on \u L ' -
,,1DA-MB-23 I ce ll s ha, e a s1gnI1 1cant: 11= L . 

1 
. 1- 1-0 11 , al uc than the I\ ICF-7 contro l cells, 

. . - I h1"her co 0l:a iLa I ' EGF-treated MCF-7 cel ls haw a s1gnilicant : = 
l . l i\llD"I\ IB-1 1\ cclls. 1u1 not hi gher than the contro I ,...,_ - - -
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Discuss ion and Conclusions 

111 L!e11eral. \\ ·e round the C1 olui apparatus to ha e d d' ·b · 
~ e v a scattere 1stri ut1 on in MCF-7 ce ll s, 

bnth control and treated. Rather th an the perinuclear compact .. • II 
, a, 1 angement typ1 ca y expected fo r 

·uiimal ce ll s. these cell s appeared to have multiple mini stacks rand I d. t ·b d h h , - om y 1s n ute t roug out 

the c)10rlas 111 . Thi s observati on supports a study published by Schindler et al. ( 1996) showing 

MCF- 7 ce ll s to have a di persed, fragmented distribution of their trans-Golgi network (TGN) 

,,·hich they also fo und to be poorl y ac idified. These cells exhibit a low pH gradient between 

intra\'e icu lar compartm ents (pH 6.5) and the cytoplasm (pH 6.8), which Schindler et al. 

hypoth es ize is responsible for MCF-7 drug-sensiti vity. In contrast, drug-res istant MCF-7adr 

ce ll s, deri \·ed fro m the MC F-7 parental line, have a more typical perinuclear arrangement of their 

Golgi and exhibit a higher pH gradient between their TGN (pH 5.9) and the cytoplasm (pH 7.1 ). 

Treatment of the MCF-7adr ce ll s with monensin , a sodium proton ionophore, causes an alkaline 

shift in the pH, lowering their pH gradient and increas ing their drug sensiti vity to that of the 

parental MCF-7 ce ll line, while also disrupting their Golgi di stribution. 

Kell ok umpo et al. (2002) also reported a heavil y fragmented and scattered Golgi in 

MC F- 7 cell s as we ll as severa l colorectal cancer cell lines, and using transmiss ion electron 
' 

· · · f G ] · k · th se cell s to be severely dilated. Thi s study microscopy, found the c1sternae o o g1 stac s 111 e 

· · I d d t n Goloi pH and also links that with proposes that Golgi structure ,s direct y epen en upo o , 

• · · · H I t'on of the Golgi have also been shown to abnorm al glycosylati on abil1 t1es. Defects 111 P regu a 1 

· · • . . . . · (C I t / 1987). Prec ise ly how pH could cont ro l 117 lcrlerc with polari zed ves icle sec, eti on ap an e a ., 

. . . d . the introducti on though, Hurtado el al. (20 11 ) 
Ci olg1 <,1ruc turc is not known. As d1scusse 111 



l·(iu nd that Go lgi-deri ved MTs play a critical rol e . . .. 111 ma111ta1111n II . g overa Golg1 structure, and thu 
it is poss ibl e that lack of thi s subset of MTs could 1 1 

. 
a so Pay a role Ill the scattered Goloi 

b 

di stribution found in MCF-7 cells. 

Microtubule Disassembly 

Our experiments found MTs in MCF-7 cells to be . . · • 
mo1e 1es1stant to experimental 

manipul at ions aimed at di sassembl y than tho e in MDA-MB 2., I II M. b 
1 

· 
0 - J ce . 1crotu u e 111 M A-

MB-231 cells were readily di sassembled by 40 minutes of ice incubati on or fou r hours of 

nocodazo le treatm ent, but these same approaches left many MT intac t in MCF- cell . 

ocodazo le is widely used in MT studi e becau e it bind \\·ith hi gh ar!init 10 tubulin, 

clfrcti ve ly blocking MT a ·sembl y, whil e MT di a embl continues to occur (Xu er al. . 2002). 

Abrupt coo ling to 4°C has also been repeatedl y hO\\·n to experimentally dcpolymcrizc MTs in 

many cell types, likely due to a change in reac ti on kinetic: that inhibit assembly and promote 

disassembl y (Fygcnson et o/. , 199-l- ; Karr er al .. 19c 0) . I lm\e\ er. animals that regularly . un·i\·e 

at cold temperatures, such as Antarcti c Ii shes. exhibit cold-tolerant MT~ capable or assembli ng at 

kmpcratures as lmY as 5-20°C. albei t a bit slO\\ er than at ' :ic ( Detrich. 199 ). This tolerance to 

cold surel y offered these species an ernlutionary ad\ antage. but cold-~table micrnlllbules haYe 

· I · · · · - , .· 1 , ·· I , · • · ·111d librnhlasts that diJ 1101 li.1ll0\\' thi s ,1 so been lound 111 mammalian neurons. pc11plll cl nuH:s. " 

J u : · 1 . 19 0· Ok-I er ul 199-l · 13ershadsb· er ul .. s:i mc pattern or de\·elopment ( Webb ano vv I son. t • ' · · · -

c . . _ . , . , _. 
1

. dis lla \ resistance 10 11owda1.ole treatment, 1 )79). L1kemse. many ol these sa me nll t) po •1 so · I -

si milar to the MCF-7 cell s in our experilllL' 1115 · 

_ 1 1e l<.1r the enhanced stabili1::- or ccnain MTs. 
SeYeral mechani sms could be responsil 

Some studies hm·e shmrn that stabk I .6. 11., pc"ls t-t ransla ti onal modi Ii cations, !Ts ex 11 ll 111t L 

. 
1 

_ ·1re 11 0 1 thOLi!!ht to confer tab ility 
111 I ct · · · but these c rnnrre~' -c LI 111g acetylati on and detyros111ar1on, -



d·rectl y (Khawaja et al. , 1988; Quinones et al. 2011 ) Instead th 1.k 
1 

. 
1 ' · , ey I e y serve to help mediate 

111e in teracti on of MTs with microtubule-associated proteins (MAP ) h' h d 
1 s , \\' 1c o p ay a more 

. t •o le in MT stability. For example the MAP t h' h · · . d1rec 1 ' au, w 1c I panicularl y abundant 111 neurons, 

has been shown to protect MTs again t nocodazole exposure, even \\'hen introduced into eel Is 

that are not normall y nocodazo le-re i tant (Lee and Rook. 1992). Ho\\·ewr. thi prot in doe not 

protect MTs aga in st co ld treatment (Baa e, al .. 1994). In Lead. a P protein called table 

tubule-on ly po lypeptide (STO P) i olated from brain ti _ ·ue. ha hccn :ho\\·n to bind to T. and 

stab il ize them aga inst cold temperature ( argoli el al .. 1990}. I. oform: or thi: protein ha, e 

also been found in mamm ali an lihroblast ·. \\'here they c,cn the same ert~ ·t (Denarier c'/ of .. 

1998). Furthermore. in troduction or thi s protein into I kl.a cdl. indu ·cs ·old stahilit~ of their 

~ 1Ts. "h ich norm a 11 y depo I_ meri1e rapid I) "hen c, r o..,t:d to ·old t ·mperatur ·s l O · ). ii' en 

that our CT - ce ll s required both nocnc.la10k :.111d ·old trt:atmt:nt to ·ompktt:I~ <kp ,1~mt:ri1e 

~1ls. the re is likely more than one stahili1ing. 111echa111 111 at pla~ hen: . 

\ 1 I' ~uckation at the (ioh.!i 

. 1 1 ~ hr ., id 'tK. nf 11 m, ·k,1tHll1 at the 
n,e lirsl nhiecti, e or th is thesl:-- re, ·ar 'l \\ '1' IP (lll ( 

. . . . . · · .. , . , ··1tof\ 1()1 ·1111,11--. ,1,e11 that (i11lg.1 -dernnl \1 r, 
(nil l..! 1111 breast ca ncer cells" 1th d1lk1u11111 1g.r, . I 

. . . ., . I ,1. "ith th. h, p11thl·,1, that them, a i, c 
. . I . . I 11 .. I ) 11 1 l 11, \\ l )I " \\ •1' l " . a1\' 1.:r1 11c1 lor d1rectec. Cl' 1111g1,1 11 • 

. . I , ( ilt'.1 "hil. thl· \ ll I -- ·ell," <,uld 
\ 11) _. \ -:--. rn -231 cells" inild e, hihit \ 11, <,ng111,11mg 1n,111 ti ll -

. II , 1 f,r belt ·r Jct• ·111111 nf11ucka tion . . . . II . ,, hn ·I r 'l..!f1)\\ th .1 in, L i 1h11. Depnly111er111llg l'- 11 s :111d a P\\ Ill::- -

. I. ·· !h,th·t"u ll \ nc111~ that \\ ll uld nthen, 1se he tl 1:--llltll . 
11 ll 'l\\1lr~ . 1 lwu~h lllll rre, ·111111 c,cry 

. . . , . ( "\1 1 ~tl. u-tuhulin . a11J l· l!I could he 
. I . . ·,-l1 til,1J ll1,1rr-- r ' -

l ' ·II. lll~lallCl'S nr t) \ er Lip bet\\ eell t ll < / ::-

! I· tr , 11 ,J \11) .-\ -\113 -231 cell~ as 
. I I . . . ·-tr ··11cJ :1lld tll)(t)l a1t1 v , 

~ 'l..'11 mnrc frequen tly ill bL1t 1 t 1l 1 · 



45 

co 111 pared to the MCF-7. Though the goal was to see newly growing MTs individually, thi s 

proved not entirely poss ible with the 60x objective. Higher magn ification with better resolution 

would surely benefit th is endeavor. Nonetheless, using the more im parti al method of quantitati ve 

co loca li za ti on anal ys is revealed va lues that, when taken together, suppon the original hypothesis. 

It was very difficult to achi eve exactl y the same amount of regro\\th in \'arious plates of ce ll s, 

and thus differences in relati ve amounts or a-tubulin ,,·ould ha\'e an impact on ome of these 

numbers. For exampl e, the average amount of a-tubulin colocali zed ,,·ith G 130 relati,-c to the 

total amount or n-tubulin present \\'as lo,,·er in the ice-treated l) - 8-_ ~ I cell. than the 

nocodazo le- treated ce ll s. This is because the indi, idual IT · reco, ered more 4uickl y from ice 

trea tment. and since they ,,·ere lon ger in length there,, as a greater amou nt or red present. 

J lo,,·e,·er, one ,,·mild not expect the amount or red coloca li1i11g "i th green to go u1 

proport ional ly in thi s case because it is reall y onl) the 111inu-, enJ.., llf \1T. tha t should exh ibit this 

(1,erlap. Idea ll y. to rn ake these cornpari sons bet,,een cell gruup..,. it \\nuld be he-, t to ha ,e exactl y 

the same amoun t ol" MT regrn,, th across cells. rl1e..,e C\penmenh '' ere r ·peated a number or 

· · · l I l · · t •I 1· 111 • ·111J re-,oun:e, became limita tions. t1111es 111 the at tern pt to ach1e, e that goa . , ut u t1111,1 L : 1 L ' · · 

· · · · 1· l · . l , · - •· "irch ,, ·1, 111 tkllTl11t11c if \ IT 11uckat1011 at thc I hc seulnd ()b_1ect1, e t) t 11-, 1101-, 10L , , · 

. . . . . , . , .. • · .l.,,1,{)ll ..,e 10 the chc111nattracta111 H i I· 
( 1ol g1 1s nwrL' :1pp:1re11l during ac1 1, L tlll ):-1 ,llll) ll 111 1 · 

. . . . 1 I l) )~in" fpr cnlnL·al i1al1Pll '- het\\L'L'll tllL' (iolg i. u-
cnrnpared tn untreated cells. l his \\ :1:-- ul) lle ': l l ::-

. _ 1) -- dintil)ll, ·due , ,,l1uld h · highcr in Hil-"-
tuhulin. and y-tubulin. "ith the h:, pnthes1-, that U) l L, · · 

. 
1
. 11 . 1111 .1,, . .., ti,und ..,PlllL' y-tuhulin J i..,persed 

I ) I. 1· , ' \ :ilualllHl P ll · ::-lre:1lL'd cells, ersus urntrn s. (. ua 1ta 1' L 

. - ·, i, tL·d in !!L'llerall : nne locali;:ed . . . . . I . ·II h t 1)rl) ll1 i11 ·111 :-- t:1111111g -l:untly "1th111 the C)Wpl:1s111 Pl al LL .., _ u 

· \ ,- ·th' C 'll l l'l) ', () lll ' . ~Pl.)! lnr ICr-7 cells. :IS ex1xcteL ()I L L · 
Thi :- l: pic:il cen tro-,Pmal -,ta ining also 

. FCF-tre:i ted .\ID ·\-\tB-2 31 cl..'11 s 
l i\ l D'-

'- i\ lB--1_, I L·L·lls. Il l) \\ e, er. :sl)llll - ' : ppearl..'d in 111:111\ ·\ · 
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1 .1,hycd multiple concentrated spots ofy-tubulin I · 1 1 1 
. . 

( 1s ' , w 11c 1 a so co ocalized with the Golgi (Figure 

IR) Quantitati ve analysis revea led significantly higher val · th. f , . ues Ill I ee out o the four 

)rotein/color combinations for EGF-treated MDA-MB-23 l II . d . 
~ ce s compa1e to controls. This was 

also true for EGF-treated MCF-7 cells, albeit the overall values were much lower in these cells. 

Comparing all groups together found only the EGF-treated MDA-MB-231 cells to be 

significantly different from the other three cell groups. Given that most EGF-treated MCF-7 cells 

never took on the typical polarized morphology indicative of directed migration, it is not 

surprising that their colocalization values were not as high as those for the EGF-treated MDA­

MB-231 cells. Plating MCF-7 cells on fibronectin, though, could help improve their migratory 

ability. Overall, the results of this thesis work provide evidence in support of the hypothes is that 

highly migratory cells such as MDA-MB-231 line nucleate MTs from the Golgi more frequently 

than in cells exhibiting less migratory potential. 

Future Implications 

Finding the presence of MT nucleation at the Golgi in in vas ive cancer cell types could 

ha ve implications for developing new drug therapies to potentially limit metastas is. Given the 

· · · · d I t. I ·ole MTs play in that process, they are an proliterat1 ve nature ot cancer cells an tie essen 1a 1 

· · · I d I therapeutic drugs ava il ab le (Pasq uier obv ious target of choice tor most prevalent Y use c iemo ~ 

. II MTs indi sc riminately, and thus can have 
and Kava llaris, 2008). However, these drugs taiget a 

. 1 su ress ion and rnucos iti s, assoc iated with 
negati ve side effects, includmg neuropath y, mye O PP ' 

. . . .di Other studies have shown that Golgi-
damage to non-cancer cells that normall y di vide iapi Y· 

. . . . :- vhil e leav ing centrosornal MTs intact, by blocking 
derived MTs can be inh1b1ted spec I11call y, ' 

_ 1 2007. Hurtado era/., 2011). If this 
the proteins CLASPs, GCC 185 , or AKAP4SO (Efonov et a ., ' 

. . .t ould potentiall y slow metastatic 
k h . · es tor patients, 1 c 

now ledge can be used to develop t ei api 
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· irc·1d or particularly in vas ive cancers In the . th· 
~, ' · 01 Y, is typeoftr t ea ment would not stop these 

.. 111ccrs from proliferating, but could slow their abTt . 
c, 

1 1 Y to mvade other tissues in a directed sense. 

Ho,,·e,-er, cells that display directed migration nonnall h . 
Y, sue as those of the immune system, 

could be unintended targets of these therapies To kno ·f th ' . . 
· w I is is a feasible route of inquiry, the 

presence or absence of Golgi-derived MTs needs to be establ' 1 d • . . 
1s 1e 111 more cell types, 111cludmg 

both cancer and non-cancer eel Is . 

Conclusions 

In conclusion, this study shows that the highl y invas ive MDA-MB-231 cell line has 

significantly more microtubule nucleation events at the Golgi than do the less in vasive MCF-7 

cell line. The ability of the Golgi apparatus to nucleate MTs independent of the centrosome is an 

important di scovery in basic cell function . Generating unique ub ets of MTs enab les a cell to 

estab li sh arra ys capable of fulfilling di stinct tasks , which would be particularly useful fo r the 

highly coordinated and complicated process of cell migration. Finding evidence ot· significantly 

greater numbers of Golgi-derived MTs in the highl y migratory MDA-MB-231 breast cancer ce ll s 

as compared to the weakly mi gratory MCF-7 cells pro,·ides an importan t distinction related to 

their in vas ive potential. 



48 

LITERATURE CITED 

Alberts B, Johnson A, Lewis J, RaffM Roberts K d W 
1 ' ' an a ter P. Molecular Biology of the Cell. 

New York: Garland Science; 2002. 

Alis and Coombes RC. Estrogen receptor alpha in hu b 
man reast cancer: occurrence and 

significance. Journal of Mammary Gland Biology d l\T I • 
an 1veop as,a, 2000; 5(3): 271-281. 

Baas PW, Pienkowski TP, Cimbalnik KA, Toyama K, Bakalis S, Ahmad FJ, and Kosik KS. Tau 

confers drug stability but not cold stability to microtubules in living cells. Journal of Cell 

Science, 1994; 107: 135-143. 

Bershadsky AD, Gelfand VI, Svitkina TM, and Tint IS. Cold-stable microtubules in the 

cytoplasm of mouse embryo fibroblasts. Cell BioloR'· /111ernational Reports. 1979: 3( I): 

45-50. 

Bishal M, Wojnacki J, Peretti D, Ropolo A, Sesma J, Jausoro I. and Caceres A. KIF4 mediates 

anterograde trans location and positioning of ribosomal constituents to axons. The Journal 

o/Biological Cfu,mislly, 2009: 284( 14 ): 9489-9497. 

Bolte Sand Corddicres FP. A guided tour into suhcellular colocali1.ation analysis in light 

111 icroscopy . .Joumal o( Microscopr. 2006: 224. Pt 3: 213-232 • 

Bozzuto G. Conddlo M. and Molinari A. Migratory behavior of tumour cells: a scanning 

I . 1//'/ ·11 c11,,,.;orcdi';a11ir,12015:51(2): 139-147. electron microscopy study. Amw Im' s/1 11 o ,l' t · · 

Bracker CE. Grove SN. Heintz CE. and Morre DJ. Continuity hctm:cn cndomcmhrane 

. p I . - Crrohiolo!!ie 1971: 4: 1-8. components in hyphae ot yt mun spp. . • · 

p . ff . durini• cell locomotion. Curn:111 Opinions 
)l\~tcher MS and Aguado-Velasco C. Membrane tr,l ,c = 

in Cell Biology. I 998: I 0(-l ): 53 7-5-l I. 

b ·ast carcinoma cell lines of 
Cailleau R, Olive M. and Cruciger QVJ. Long-term human .re 



49 

nictasta tic origin: preliminary characteri zaf 1 . 
c ion. n Vitro, 1978; 14( 11 ): 911-915. 

Ci 1lan M.1 . Stow .I L, Newman AP, Madri J Anderson HC F 
'I ' ' arquhar MG, Palade GE, and 

Jamieson JD. Dependence on pH of polarized ·f f 
soi mg O secreted proteins. Nature 1987· 

' ' 
329: 632-635. 

earli er MF, Didry D, and Pantaloni D. Hydrolysis of GTP asso · t d . h h . cia e wit t e formation of 

tubulin oligomers is involved in microtubule nucleation s· I · 1 , . t0p 1ys1ca Journal, 1997; 73: 

418-427. 

Chabin-Brion K, Marceiller J, Perez F, Settegrana C, Drechou A, Durand G, Pous c. The Golgi 

complex is a microtubule-organizing organelle. Molecular Biology of the Cell, 200 I; 12: 

2047-2060. 

Chavez KJ , Garimella SV, Lipkowitz S. Triple negative breast cancer cell lines: one tool in the 

search for better treatment of triple negati ve breast cancer. Breast Disease, 20 IO; 32( 1-2): 

35-48. 

Chen J-Q and Russo J. ERa-negative and tripl e negati ve breast cancer: molecular features and 

potential therapeutic approaches. Biochimica et biophysica acta , 2009; 1796(2): 162-1 75. 

Cluett EB and Brown W J. Adhesion of Golgi cisternae by proteinaceous interactions: 

· · · · dh · t · t es 'ournal of Cell Science 1992 · I 03: 1nterc1sternal bridges as putati ve a es1ve s I uc ur • J, . ' ' 

773 -784. 

. . S h 1 f Goloi di spersa l during 
Cole NB, Sciaky N, Marotta A, Song J, and L1ppmcott- c wai z · · 0 

. . . k at eripheral endopl asmic reticulum 
m1crotubule di sruption: regeneration of Golgi stac s P 

ex it sites. Molecular Biology of the Cell , 1996; 7( 4): 
631

-
50

· 



so 

B. iyne GK, Bracke ME, Pl essers L, and Maree I MM 
1 

- . . 
De 

I
L • nvasivene s 111 Yltro of mixed 

aggregates composed of two human mammary ce ll line MC 
F- and HBL-1 00. !11rnsio11 

Metastas is, 1988; 8(5) : 253-265 . 

Delphin C, Bouvier D, Seggio M, Couri ol E, . ao udi Y. Denarier E. Bo c C. aliron 0. Bi bal 

M Amal I, and Andrieux A. M P6-F i a temperature en or that ct · I l · d d 
, < m~ct y 1111 • to an 

protec ts microtu bul es fro m co ld-induced dcpol ymcri1ation. Journal o{ Biolo{!, ica/ 
. ' 

('/,e111isllT, 20 12; 287(-+2): ..,5 12 _.., I.., . 

l)clrich. 11 W. M icrotuhulc assemb ly in cold-adapted organi. m. : tun ·tinnal rrnr ·ni l':-. and 

structural adartati on~ ol' tuhulin .- from Antar ·ti · ti,hl' .. Comp mu" c Bwt hcml\lrr 011 I 

Pf, 1·siulo,!.'._\·. / >(Ir/ .• I: Phrsiologr, 199 : I L (3) : ." 01-." U . 

l)ong c. Sla11cry M. and Li ang .·. M icrorncchanic or tumor ·l'II .1dhl' lllll Jnd 11111!rat1011 undl'r 

I limll\ 1\ . Kharitu11t1, A. 1-:timm a N. Loncar ·h. J. \I dler P\1. ,\ n<lr ·~1..·, ,1 , < ,kl: nn P. (, al1,1n 

, . ' 1· ·. \ 1 ·I . 11 ' . , ·. 11 ., JD \ h l'ltli 11. Kho<l1ah.ln \ . \ h.hmarnn.1 ·\. ,111J KaH:n11,1 , \ , 1\ .II.I I • · C .Llll , '\ . l , L . . f\ , , • • . 

I. .. , ~: 111111ctric l° I .:\SP-dcrcndcnt nud l' ,l llllll nr llllll-Cl..'ll([l)',lllll;tl 1111 ·rotllbul. ,It th 1..· 

II I 1 ln1111,J/R111i·11 11 I 11 l·11 11-:- :\b111l\.' \ ilk S. :\l icrntuhul ·,inc· 111 1~ra 101 · ( ·1·/! ,111d !>, I ( l0111111 ·111t,/ 

h I /, 111m,ilo ( 'ell 
. •t I 1t ,J 1111 ·n11ll ll . , 

l - . · 1 -1 l · · u r 1, 11 ,1 ' • :ml LR-1111tnclw11dr1a 1..·1l11U 1.. :- '1.. · 



51 

F ,acnson. DK. Braun E, and Libchaber A. Phased ' . . 
) = iag1 am of m1crotubules Ph . . IR . • ys tea . ev1ew. £, 

Statis tical phys ics, plasmas. fluids, and related • d' . . . 
tn!e~ isc1pltnc11y topics' 1994; 50(2): 

I 579-1 588 . 

Grimaldi AD, Fomicheva M, and Kaverina I. Ice recov . .:- . 
et y assay tor detection of Golgi-derived 

microtubules. Methods in Cell Biology, 2013 ; 118: 401-4l 5. 

Ho WC, Allan VJ , van Meer G, Berger EG and Kreis TE Reclust · f . ' · enng o scanered Golg1 

elements occurs along microtubules European Journal ofC II B · I 1989 · . e 10 ogy, ; 48(2): 250-

263. 

Holliday DL and Speirs Y. Choosing the ri ght cell line for breast cancer research. Breast Cancer 

Research. 2011; 13(4): 215. 

Hori o T. and Murata T. The rol e of dynamic instability in microtubule organi za tion. From Plant 

Sci, 2014; 5(511). 

Howlader N, Noone AM, Krapcho M, Miller D, Bi hop K, Altekru e SF, Kosary CL. Yu M, Ruhl 

J, Tatalov ich Z, Mariotto A, Lewis DR, Chen HS, Feuer EJ, Cronin K (ed ). EER 

Cancer Stati stics Rev iew, 1975-20 13, ational Cancer In tit ute. Bethesda, MD, 

http ://seer.cancer. gov/csr/ 1975_20 13/. based on O\'cmber 20 15 SEE R data submi ion, 

posted to the SEE R web site, April 201 6. Accessed April 17. 20 I 6. 

Hua z. Graham TR. The Golgi Apparatus. In : Madame Curi e Bioscience Database [Internet]. 

Austin (TX): Landes Bio cience; 2000-20 13. A\·ail ab le from: 

http ://www.ncbi .n lm .n i h.gov/books BK6268/ 

H . . . 1 ·s Breu::;! Cancer Research, 
unter KW, Crawford NPS, Alsarraj .I . Mechamsms 01 rn etas as i · 

2008; I 0(Suppl I): S2 . 
. d Rios RM. Disconnecti ng the 

Hurtado L, Caballero C, Gav ilan MP, Cardenas J, Boinens M. an 



(,ol!!i ribbon from the centrosome prevents d.. · . 
~ 11 ect1 onal cell migration and ciliogenesis. 

Journal o(Cell Biology, 2011 ; 193(5): 917-933. 

1 ,tcrnational Agency for Research on Cancer (IARC) and Wo Id H I h 
O 

. . 
1 r eat rgamzat1on (WHO). 

GLOBOCAN 2012 : Estimated cancer incidence mortal ·t d 
1 

. . 
' 1 Y an preva ence worldwide 111 

20 12. http ://globocan .iarc.fr/Pages/fact sheets cancer asp 2016 A . 
_ _ • x, . ccessed Apnl 17, 

20 16. 

Karr TL, Kristofferson D, and Purich DL. Mechani sm of microtubule depolymerization: a 

reevaluation of cold-induced microtubule depol ymerization kinetics by employing a rapid 

heat exchanger method. Journal of Biological Chemistry, 1980; 225( 18): 8560-8566. 

Kaverina I, Krylyshkina 0, and Small JV M icrotubule targeting of substrate contacts promotes 

their relaxation and dissociation. Journal of Cell Biology, 1999; 146: 1033-1044. 

Keating TJ and Borisy GG. lmmunostructural evidence for the template mechanism of 

microtubule nucleation . Nature Cell Biology, 2000; 2(6): 352-7. 

Kellokumpu S, Sormunen R, and Kellokumpu I. Abnormal glyco ylation and altered Golgi 

st ructure in colorectal cancer: dependence on intra-Go lgi pH. FEBS Letters, 2002; 516( I-

3): 217-224. 

Khajah MA, Saleh SA, Mathew PM , and Luqmani YA . Differential effect of growth factors on 

. . . _ . , . . · t t b ·east cancer cell s. PloS One. 20 12; 111 vas1on and proliterat1on of endocrine tes ts an 1 

7(7): e4 1847 . 

. . d b.lity of microtubules enriched in 
Khawaja S, Gunderson GG, and Bul111sk1 JC. Enhance sta 1 

. - . f det rosination leve l. Journal of Ce ll 
detyros inated tubulin is not a direct function ° Y 

Biology, 1988; 106: 14 1-149. 

A d Wu M. Cooperat ive rol es of SDF-
K. B K. YS Swartz M , an lln J, Hannanta-anan P, Chau M, 1111 ' · 

. I d by a robust 30 micro tluidic 
11 · aratwn revea e 

lu. and EGF gradi ents on tumor ce 1111 ~ 



model. PLoS ONE, 2013 ; 8(7): e68422. 

Kobayashi T and Dynlacht BO. Regulating the tran sition from centriole to basal body. Journal of 

Ce ll Biology, 2011; 193(3): 435-444. 

Kollman JM , Merdes A, Mourey L, and Agard DA. Microtubule nucleati on by y-tubulin 

complexes. Nature Revie1rs Mo lernlar Cell Biology , 20 IL \ 2: 709- 21. 

Krenclel M, Zenke FT, and Bokoch GM . ucleotide exchange factor GEF-H I mediate cro stalk 

between microtubules and the actin cyto kcleton . . \ 'arure Cell Biology. _00_: -+: 29-+- ,0 I. 

Lee AV, Oesterreich S, and Davidson E. MCF- cell s ·hanging the cour c or breast cancer 

research and care for 45 year . Journal q(rhe .\'urionol Cancer /nsrifllre. 20 15 : 10 ( ): 

I.cc (i , and Rook . L. E.\press ion or tau prote in in non-neuronal cclb: rn icrotuhulc biding and 

stahili1.ation . .Jo11mol o(Cell . cie11ce. 1992 : I (L 22 -2: . 

S I I (_. I I). 1:11·,)tt :1 1\. ( "l1nr·1 d Pt\ . and Bloom i.-. Kirn:sin is the motor for l. ippincoll- . Cl\\ ,ll"ll . . 0 e J , , , u 

rn icrotubu le -mediated ( iol gi-to-L R membrane tra Ili c. Thl· ./011rnol 0 1 Ccll lliology. 199:: 

12~(3 ): 293 -3 06 . 

· , (_ ' I - · - J 1 ·in 11 uclntc, mi ·rlltubulcs tn orl.!ani1c 
\la likm V. Kashina /\ . and Rod1 01W\ \. ~top as1111 ~1 L · -

. - . ,- .. r1 .,- -l9 
. . . · I I · . I . f3' 1/o ,r of rhl' ( di . 2lHl-l : I ~((i) . - - - - · 

them 111to rad1 ;il arrays 111 \ 1, o . . \ o t c 11 111 11 .I.! 

. .. . . . l I) ' ·iii . a, snciallllll 11r .· 1011 r nit 'Ill ,, ith 
\largolis RI.. Rauch(_ I. P1rollet L and .l o 1 

· · IL 

. . . . \ I. in mitntic , r 1ndlc -. (lr cu ltured ce lls. 
rnicrntuhulcs in, itrn and'' 1th :-- tahk mi u iltll ) ll 

0 

I I )l)() · l)( 1-, ). -l09~--t l02 . . _ · F \f/U)J ./011rn,I . l · - · · 

E111·011cu11 .\lolec11 /ur /3io logr 0 1:\.!,clf /UJU OII 1 
.. 

. . . J 1 · (i I.nca li iat ion t1 f all sc , cn 
SI . I Sin !..! t:r RI I. l lllllkcl1s .I. ,11H .1u . 11 . . _ \tingle LA. Okuhama 

. _ . .. . .\ 1 , complc., in th~ protrusions 
. I ' rt/Ill' ' nuLk,\(l)I . rr- -

rnessengl.'.r RNAs for the acun-pll ~ l11 l = 
- . l . ., ➔ -,~ -2 -l 33 . 

·- ·1· ,tt ~ ·· ,11n · l l)t) ~_ llt-i. - - -
lllt1brnblasts.Jo11mu/o/ 1... c . lit --



{lier PM , Folkm an n AW, Maia ARR, Efimova N Efi A 
~ I ' imov ' and Kaverina, I. Golgi-derived 

CLASP-dependent microtubules control Golg· • . 
I orga111zat1on and polarized trafficking in 

mot ile ce ll s. Nature Cell Biology, 2009; 11 (9): I 069-1 ogo_ 

Mitchell DR. The evolution of eukaryotic cilia and flagella as t'I d 
mo I e an sensory organell es. 

Advances in Experimental Medicine and Biology, 2007; 607: 130-! 40_ 

Moritz M Braunfeld MB, Sedat JW, Alberts 8 Agard DA Microtubul I · b . , , • e nuc eat1 on y y-tubulm-

containing rings in the centrosome. Nature, 1995; 378: 638- 640. 

Moritz M, Braunfeld MB, Guenebaut V, Heuser J, and Agard, DA. Structure of the y-tubulin ring 

complex: a templ ate fo r rnicrotubule nucleation. Nature Cell Biology, 2000; 2: 365-370. 

Muk herj ee D and Zhao J. The role of chernok ine receptor CXC R4 in breast cancer metastas is. 

American Journal of Cancer Research, 20 13; 3( I ): 46-5 7. 

Muller A, Homey 8 , Soto H, Ge N, Catron D, Buchanan ME, McClanahan T, Murphy E, Yuan 

W Wauner SN BaITera JL Mohar A Verastegui E. and Zlotnik A. ln\'Ol\'ement of 
' C ., ' , ._ 

chemok ine receptors in breas t cancer metastas i . Nature. 200 I : 410: 50-56. 

Murata T, Sonobe S, Bas kin T l, Hyodo S, Ha cza,,·a S. agata T. Hori o T. and Hasebc M. 

Microtubule-dependent microtubul ~ nucleat ion based on recruitment or ga mma-tubulin in 

higher pl ants. Nature Cell Bio/of<\', 2005: 7( I 0) : 96 1-968. 

· b 1 · - I'\ contain homolrnwe Murph y SM, Urbani L, and Stea rns T. The mamm ali an y-tu u 111 comp L: . ' C -

S 97 d Spc9c p The Jo11mol o(C<!II of the yeast spindle pole body components pc P an · · 

Biologr, 1998; 14 1(3) : 663-674. 

. k TD and Lannutti JJ . Preferen ti al, 
Ne lson MT, Short A, Cole SL, Gross AC, Winter J. Euban · 

. . bi omimetic elec rrosp un nanofiber ·ce ll 
enhanced breast cancer ce ll m 1gra t1 on on 

· . 70 1-+ ' 14: 825. highways' . BioMed Centred Cance,, - , 



55 
. , an MT, Prudoff RS, Johnson KR, and Wheelock MJ N C . 
'"" . - adhenn promote motility in 

human breast cancer eel ls regardless of their E dh . 
-ca enn express· r•,_ 

ion. ne Journal of Cell Biologv, 1999; 147(3): 631-644. 

Oddoux S, Zaal KJ , Tate V, Kenea A, Nandkeo lyar SA Reid E L. W 
' , Ill , and Ralston E. 

Microtubules that form the stationary lattice of muscle fib . d . 
1 

ei s are Y11a m1 c and nucleated 
at Golgi elements. Journal of Cell Biology, 20 I 3; 203: 205-213. 

Oegema K, Wiese C, Ma1iin OC, Milligan RA , Iwamatsu A, Mitchi on TJ, and Zheng y 

Characteriza tion of two related Drosophila y-tubu I in complexe that di lfer in their abi lily 

to nucleate mi crotubules. Journal a/Cell Biolo?;y, 1999; 144(4): 72 1- 33. 

Oka , ishio T, Akiguchi I, Nagao M, Kawa ak i land Kimura J. icro tubule tabilit 
111 

human periph era l nerves. Neuro ·cience l etters, 1994: 16 ( I-_): 61-6-L 

Pasqu ier E and Kava llari s M. Microtu bu le : a dynamic target in cancer therapy. ll./B,\!B Life, 

2008; 60(3 ): 165 -1 70. 

Patsia lou A, WyckolT.J , Wang Y, Gos,,·ami , tan Icy ER. and Condeeli. J .. ln,·a ion of human 

breas t cance r ce ll s in \' i\'O req uires bo th paracrinc and au1ocrinc loops inrnh ing the 

colony stimulating fac tor- I receptor. Cancer R<!search. 2009: 69(_-f ): 9..f9 -9:06. 

Picone R, Ren X. lva nov iteh KO, Clarke .I DW. McKendry R . and Baum B. polarised 

populati on of dynami c microtubulcs med iates 10111co a ::-. 1 , t tic kn oth con trol in ani mal cell. • 

lo!! ilner A ed. PLoS Biolo~L 20 I 0: 8( I I) : e I 000:-f.::! . ....... , I... 

p.·, , , . . . . .. E\\ '. Ei, idcnnal grO\\lh foc!Or '
1
L1.: .1 7. T1ga n1 s T, Aga nrn l A. D_1 ak 1e\\ D. and rhorn pson 

- . . . 1hrou!!h a phosphatidylino iwl 3'-prolllotes MDA-MB-23 1 breast cancer ce ll 111,g,auon -

· / 1999· 59:5475-. C ,,,c,,_,r Resea1 c 1, , k. d t echan1s 111 ( C lll ase and phosphol ipasc C-depen en 111 · 

5-+ 78. 



56 

. ones GB, Danowski BA, Devaraj A, Singh V and Li oon LA Th . 
Quin ' 0 · e posttranslat1onal 

modification of tubulin undergoes a switch from detyros inat· . 
1011 to acetylat1on as 

ep ithelial cell s become polari zed. Molecular Biology of the Ce!!, 20
11

; 
22

(
7

): 
1045

_ 1
057

_ 

Rasband , WS, ImageJ, U. S. Nati onal Institute of Health, Bethe da , Maryland, USA, 

http://imagej .nih.gov/ij /, 1997-20 15 

Roga lski AA and Singer SJ. Assoc iati ons of element of the Golgi apparatu \\'ith micr tubule. 

Journal of'Ce/1 Biology, 1984; 99: I 092-1100. 

Schindler M, Grabsk i S, Hoff E, and Simon M. D fecti\' e pH regulati on of acidi compartment 

in human breas t cancer ce ll s (MCF-7) i normalized in adriamy in-resistan t cl'lls (M ' F-

7ad r). Biochemist ry, 1996; 35(9): 2 11-_ I . 

. chmit /\C. /\ccntrosomal microtubulc nucleati on in hi gher plants. l11rer1101io11e1I Rcl'ie,r <?{ 

Crn>logr, 2002; 220: 25 7-2 ( 9. 

Snulc I ID. v~11guo . .J. Long . lbcrt . . and Brennan 1. i\ hurn;,in ·ell line from 3 pkural 

effusion derin~d rrom a hrcast carcmoma . . ouma o 1e 1 · J I 1· t1 at ion;,il ·;,incl'r In . titute. I 9 , · 

'.'I('.'): 1-+09-1-+16. 

. _. 1 · T Huhuk-, ·nntrol focal adhl'~ion Stl'11l1L·ns Sand \\'itt111ann T. Target ing and trans1 01t. 10,, nm ( · 

. . · ;;3 · 1 . ()1' · 19X(-+) · ➔ , l- ➔ , 9 . d: 11an11cs . .!011mu/ of ( e w og,. - -· ' · 

S . - , lh I '- '· " I ln11il and Kkmke R. \ 'i:-.uali1i11g l()lc tm K. Kato 11. /ardou11 a11 I: . Kc er . . 1 ,111= · · · ' · · 

I I ( . II ·h•nn' '010: I~, : . . . , . _ . · . • cells . ./ourna o c' · c · -e.\tr,l\asa11011 dy11a1111cs l)f 111Ll,1:-.1,111c 1u111rn 

233 2-23 -+ I . 

. I . " \; Prnt L· in Kinase Ci~ rl'quircd 
1.' I 11 ·rnJ /. 1,111- · · 
•
1
ll 11 R. (1ao P. Chen L. i\ la D. \\'ang .I . OpjK'll lL' 1111 · · · ' - -

. · 1 • hr 'chi ·anccr eel Is. Cancer . . . . d , , l ·hcnwta:\1:-. l)f w111,111 L . lor ep1Lkrmal gnm th lactor-111 LILLC c 

Rescurch. 200): 65: l-+33. 



57 

ka K, Mitsushima A, Fukudome H, and Kashima y Th . . 
Tana . ree-d1mens1onal a l . 

re 11tecture of the 
Go lai compl ex observed by hi gh resoluti on scann · 1 0 mg e ectron mic roscopy. Jo urnal of 

Submicroscopic Cytology and Pathology, 1986; 18: 1 _9_ 

,, ael JM , Stearns T, Ri eder CL, Palazzo RE. Centrosome i olat d f· S . 
voe e 10111 p1s11la solidi ;1110 

oocytes contain rings and an unusual toichiometric ratio of ~ tubulin . Journal oJCell 

Biology, 1997; 137: 193- 202. 

Voldborg BR, Dam trup L, Spang-Thom en , and P ul en H . pid nnal gr wth fa t r 

receptor (EG FR ) and EGF R mutation . fun tion, and p ibl r l in lin i al trial . 

.- l11110/.,· o/Oncology, 1997; 8: 119 -1206. 

\\ 'chh IK' and Wi lson L. Cold-stable microtubulc: fr 111 bra in . Bioche1111>r1:r. I c : l : I ., 

2001 . 

.\ u K. Scll\\ar1. PM. and Luducna RF. Interaction of no - datol \\ ilh 1uhulin i: type .. ,.,,, 

/)el'elo1J111 e111 Reseurch. 20(L: 55(_ ): ) l -96 . 

/ hai Y and 13misy Ci . ()uantitali\c determ ination nf th' proportion ofmicrotuhulc pJl)mcr 

pre~cnt during the mitosis-interphas' transi ti 1n . .loum lll of Cell . c h•11c c. I : IO : 1-

/ hen):! Y. \\'ong i\ 11. . I hens B. and i\ 1 itchi snn T. Nu ·lcatinn nf micro tul ulc a. ,cmhl~ hy a y-

1uhulin-cu11tai11i11g ring cnmplcx . Y llture. 199: : J""/ : ---<' .-, 3· 

/ I \ . . . _ . . , .· . · ·r ,whul ,, nu •lca11() 11 at ul - ·cllular 
HI • and K:l\crina l. ()u:111ti11 catll,11 of :1s~1111m:l11L 1111 1 

--- . ' "' - ➔➔ Slrt1L'lt11\.'s . . \ lerhods in .\!olernlor Hiolo_<tl'. 2011: · - · · - · 



APP ENDIX A· . Photographs 

Fiou,·e 2~ 
t:- J Actct · · regrowth .. In d~,onal images of MT regrowth in MCF-7 cells following 5h nocodazole + JOm ice + 4m 

anahzed C' • a iti on to the image seen in ft aure 7 these are the fo ur other fi elds of view that were 
• i o 1 co lo I" . o ' that appea. 

1 

ca izati on. These are max intensity imaaes of z-stacks, and thus not all of the overlap 
is 1ere w o as actuall y within the same foca l plane. Scale bar represents I 0~1m. 



Figur~ 2-+ . Add. . . . . - . , . . ln add i . it io n,1 1 images ol ~11 re!.!.rn\\th 111 ~ID.-\-\IB-2. I ·ell: tnlhm111!.! Om rel' · th rn!ro,, th . 
t1011to the im . - - . - . - 1 1 .7 · ,·nlnca li · . . age seen 111 I 1gure 9. these :ire the tour nt hcr t1cld:- l'I , 1 '" t 1at "<:r ·.ma~ ru tor 

Z,ll ion Thes, · · · · · · -1 t · I I I I ,llso 
11

. , . ·. • 1..: <1 1 e ma\ 111tens11 ,· 111ia!.!.eS ot 1-:aad. s. anu mu· 1 ot 11 • · 11 nr o, ·r ar ccn 1crc "a, 
t ilSt' llt \\" I . . . -ll iin the same tocal plane. Scak bar rq1r ·s ·nts 10pm. 





Figure ~6 C . ligure 
1

~ ·

11 

onti ol M_CF-7 cells used to compare to EGF-treatcd cells. In addi ti on 10 the image ccn in 
· · iese n111e 1 • · · · d d G 11 '0 l!!r~en) d . mages were also analyzed tor colocalizauon between a-1ubulrn (re ) an 

' · an bet\\'e GM .., · · · · , · , 1· nun1ero en l JO and y-tubulm (b lue) Thouoh these cells t,-p1caJJ\· tonn den i.: hed o 
us cells f Id •. · = · · · ie so t view containing onl y l-3 cells each \\·ere used. 



Figure 27. Add. . . these nine . Ilion al Images of EG F-treated MC F-7 cells. In addition to the image seen in figure I 6, 
between G :;ges were also ana I yzed for col oca Ii za ti on between o-tubulin ( red) and GM I JO (green), and 
fie lds of . JO and y-tubulm (blue). Thou ah these cell s typically fo rm dense sheets of numerous cells, 

view c . . b ontammg onl y 1-3 ce ll s each were used. Scale bar represents I Oµ m. 



Figure )8 C seen in:· ontrol MDA-MB-23 1 cell s used to compare to EGF-treated cells. In addition to the image 
ngure 17 th · · b 1· ( d) d GM I , 

0 
I . ' ese n me Images were a I so ana I yzed for co locali zation between a-tu u in re an 

J gieen), and between GM 130 and y-tubulin (blue). Scale bar represents I Oµrn 



Figure 29. Add. . . . . . . I'. th ", . ,t,onal t mages o I EG F-treated M DA-M B-23 1 ce 11 . In additton to th, ,mag, ccn tn figure 
t Sc nine 1rnaoes ~. I · · · · d d G' 1 I '0 ( "1) and l)'t . '::: weIe a so anal\'zed tor co loca l1 za1 1011 bet \\·ecn a-1ubul1n (re ) an 1, .1 gm:r · 
t\\een GM !'O -.1 and y-tubulin (blue). Scale bar represents 10pm 
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APP ENDIX B: Data Tables 

Noco+/ce 
red/green Regrowth green/red green/blue blue/green 

MCF7 4m 1 0 .209 0.046 0.02 0.222 
MCF7 4m 2 0.246 0.122 0.013 0.284 
MCF7 4m 3 0 .088 0.034 0.018 0.08 
MCF7 4m 4 0 .148 0.152 0 .023 0.115 
MCF7 4m 5 0 .047 0.023 0.014 0.075 
AVERAGE 0.1476 0.0754 0.0176 0.1552 
St Dev 0 .082348649 0.057799654 0.004159327 0.093213196 

/CE regrowth red/green green/red green/blue blue/green 
MDA 405 1 0 .083 0.586 0.156 0.125 
MDA 405 2 0 .065 0.792 0.125 0.1 

MDA 405 3 0 .201 0.937 0.492 0.263 

MDA 405 4 0.07 0.831 0.189 0.108 

MDA 405 5 0 .222 0 .974 0.214 0.3 

AVERAGE 0.1282 0.824 0.2352 0.1792 

St Dev 0 .076685 722 0.152468029 0. 147433714 0.094729615 

Noco regrowth red/green green/ red green/ blue blue/green 

MDA 605 1 0.472 0 .32 0.122 0.636 

MDA 605 2 0.473 0.162 0.343 0.25 

MDA 605 3 0 .308 0 .305 0.059 0.323 

MDA 605 4 0.405 0 .261 0.129 0.47 

MDA 605 5 0 .296 0 .139 0.108 0.235 

AVERAGE 0.3908 0.2374 0.1522 0.3828 

St Dev 0.085724559 0 .082639579 0.110107675 0.169389197 

1 ahk ~- ltl\\ rnlnc:tli 1atio11 dat:1 !'or the \ 1l disasscmhl~ rcgn)\\ th l'\I crimcnt:-- . 
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control 
red/green green/red green/blue blue/green 

MCF7-1 
0.028 0.354 0.097 0.031 

MCF7-2 
0.031 0.398 0.1 0.049 

MCF7-3 
0.015 0.346 0.3 0.035 

MCF7-4 
0.015 0.513 0.205 0.01 

MCF7 -5 
0.034 0.276 0.181 0.053 

MCF7-6 0.024 0.133 0.169 0.033 

MCF7-7 0.016 0.292 0.076 0.014 

MCF7-8 0.012 0.704 0.321 0.016 

MCF7-9 0.011 0.526 0.149 0.015 

MCF7-10 0.041 0.396 0.11 0.041 

AVERAGE 0.0227 0.3938 0.1708 

St Dev 0.0104142 0.15778241 0.084424588 4 

EGF red/green green/red green/blue blue/ green 

MCF7 -1 0.043 0.577 0.078 0.14 

MCF7 -2 0.042 0.838 0.033 0.073 

MCF7 -3 0.066 0.692 0.031 0.115 

MCF7 -4 0.055 0.393 0.079 0.137 

MCF7 -5 0.152 0.622 0.129 0.19 

MCF7 -6 0.079 0.54 0.185 0.132 

MCF7 -7 0.065 0.804 0.056 0.135 

MCF7 -8 0.04 0.485 0.014 0.032 

MCF7 -9 0.033 0.744 0.268 0.048 

MCF7 -10 0.039 0.339 0.071 0.026 

AVERAGE 0.0614 0.6034 0.0944 o.1818 
St Dev 0.035078325 0.168705002 0.079109207 0.054769821 

l'ahk 6. Ra\\ co local iza ti on data for control and EGF-treated MCF- cell ·. 



control 
red/gree n green/red green/blue blue/ green 

MDA-1 
0.025 0.427 0.111 0.038 

MDA-2 
0.022 0.677 0.101 0.043 

MDA-3 
0.01 0.542 0.26 0.012 

MDA-4 
0.025 0.487 0.366 0.058 

MDA-5 
0.013 0.632 0.054 0.057 

MDA-6 
0.013 0.435 0.126 0.113 

MDA-7 
0.019 0.59 0.316 0.026 

MDA-8 0.005 0.296 0.207 0.03 

MDA-9 0.02 0.271 0.125 0.059 

MDA-10 0.054 0.641 0.211 0.121 - 0.0206 0.4998 0.1877 0.0557 Average 

St Dev 0.013459404 0.14231327 0.1018758 0.035733738 

EGF red/green green/red green/blue blue/ green 

MDA-1 0.071 0.995 0.011 0.373 

MDA-2 0.079 0.944 0.016 0.53 

MDA-3 0.098 0.772 0.028 0.118 

MDA-4 0.17 0.943 0.201 0.286 

MDA- 5 0.277 0.956 0.034 0.982 

MDA-6 0.184 0.918 0.176 0.506 

MDA- 7 0.331 0.981 0.574 0.434 

MDA-8 0.34 0.869 0.143 0.542 

MDA - 9 0.303 0.703 0.297 0.555 

MDA- 10 0.096 0.843 0.051 0.351 

AVERAGE 0.1949 0.8924 0.1531 0.4677 

St Dev 0.108881638 0.09525195 0.17639378 0.226574025 

Tab le 7. Raw coloca li zati on data for control and EGF-treated MDA-MB-23 1 ce lls. 
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