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 1 

ABSTRACT 2 

 3 

 4 

The endoplasmic reticulum (ER) is one of the largest cytoplasmic organelles 5 

in eukaryotic cells and plays a role in many cellular processes, such as the 6 

production and quality control of secretory protein, lipid synthesis and 7 

calcium homeostasis. The ER cannot be generated de novo and thus, its 8 

proper inheritance during cell division is paramount to the health and survival 9 

of the daughter cell. Although previous work has uncovered the cytoskeletal 10 

components involved, we still lack comprehensive understanding of the 11 

intricate steps of and the cytoplasmic and membrane-bound components 12 

involved in ER inheritance. To directly address these issues, we utilized 13 

microfluidics and genetic analyses to show that prior to nuclear migration, 14 

early ER inheritance can be further segregated into three distinctive steps. 15 

Moreover, we demonstrated that perturbing each of these steps affect the 16 

cell’s ability to mitigate ER stress. Thus, proper ER inheritance is essential to 17 

ensuring a healthy, functional cell.  18 
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INTRODUCTION 19 

 20 

 21 

One of the hallmarks of eukaryotic cells is that the various biochemical 22 

activities are compartmentalized into membrane-bound organelles, which are 23 

fine-tuned for specific cell functions. During cell division, the inheritance of 24 

the genome, which is regulated by DNA cell cycle checkpoints, has to occur 25 

accurately and timely in order to faithfully transmit genetic information. The 26 

inheritance of most organelles relies on the directional transport of motor 27 

proteins on cytoskeletal tracks provided by either actin or microtubules. For 28 

instance, vacuoles and peroxisomes are transferred into the daughter cell by 29 

Myosin 2 on actin cables (Provance and Mercer, 1999; Fagarasanu et al., 30 

2006; Peng and Weisman, 2008; Tang et al., 2019), while nuclear inheritance 31 

is dependent on the microtubules (Du et al., 2004). The endoplasmic 32 

reticulum (ER) is morphologically distinct from other organelles; it consists of 33 

a continuous network of membrane tubules and sheets that undergo re-34 

organizations. The ER membrane is continuous with the outer nuclear 35 

membrane, which is classified as perinuclear ER (pnER) and is embedded 36 

with the nuclear pore complex. The cortical ER (cER) is juxtaposed with the 37 

plasma membrane (PM) and occasionally makes physical contacts with it. In 38 

higher eukaryotes, the interconnected ER tubules between the pnER and the 39 

cER consists of three-way junctions (Schwarz and Blower, 2016). In budding 40 

yeast, fewer ER tubules traverse the cytoplasm and connect the pnER and 41 

cER. Although a continuous luminal domain connects the pnER and cER 42 

(Luedeke et al., 2005), they are morphologically and functionally different. 43 

The pnER regulates materials entering and exiting the nucleus, while cER 44 

plays a role in lipid synthesis (Pichler et al., 2001; Tavassoli et al., 2013). Also, 45 

the inheritance of the pnER and the cER occurs via separate mechanisms at 46 

different stages of the cell cycle. In Saccharomyces cerevisiae, cells undergo 47 

closed mitosis in which the nuclear membrane (pnER) never breaks down 48 

and pnER inheritance takes place in G2/M phases of the cell cycle as a part 49 

of nuclear migration, which is mediated by astral microtubules and the 50 
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dynein-dynactin motor proteins that “walk” on microtubules by ATP-51 

hydrolysis, thereby providing the force necessary to pull the nucleus into the 52 

daughter cell (Varshney and Sanyal, 2019).  53 

 54 

The inheritance of cER in yeast is distinct from nuclear migration and may not 55 

be entirely dependent on the cytoskeleton. Disrupting the microtubules by 56 

nocodazole, a microtubule depolymerizing agent, does not affect the delivery 57 

or maintenance of cER in the bud (Fehrenbacher et al., 2002). Although the 58 

actin cytoskeleton plays a role in maintaining the morphology and dynamics 59 

of cER, perturbing actin cables by either Latrunculin A treatment or 60 

temperature sensitive mutants of the actin-encoding ACT1 gene does not 61 

completely abolish cER inheritance (Prinz et al., 2000; Fehrenbacher et al., 62 

2002). Instead, cER inheritance occurs as early as bud emergence, when a 63 

pool of cER is observed to concentrate at the incipient bud site 64 

(Fehrenbacher et al., 2002). Since cER is associated with the PM, it may be 65 

passively inherited to the bud by following PM expansion during bud growth, 66 

but the precise mechanism is not understood. Nonetheless, many mutants 67 

have been identified to affect the structure of cER. One class of mutants is 68 

involved in ER to Golgi vesicular trafficking (Prinz et al., 2000), and another 69 

set of mutants was found to encode for proteins that form a tethering 70 

complex between cER and PM (Manford et al., 2012). Additionally, integral 71 

ER proteins Aux1 and Ice2 have been implicated in the distribution of cER in 72 

the bud (Du et al., 2001; Estrada de Martin et al., 2005). The variety of 73 

mutants identified thus far likely suggests that the inheritance of cER is a 74 

multi-step process that requires multiple redundant components.  75 

 76 

More recently, the different stages of ER inheritance in yeast are further 77 

revealed by an ultrastructural study that used electron microscopy 78 

tomography (EM) to reconstruct the ER in three-dimension (West et al., 79 

2011). According to this study, in cells with small buds, an ER tubule that 80 

appears to have originated from the mother pnER is pointed towards the 81 

bud. Next, this ER tubule seems to anchor at the bud tip and spread into a 82 
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‘nexus’ of ER in the bud cortex in close proximity to the PM. This peripheral 83 

ER in the bud contains both tubular and cisternal structures and is consistent 84 

with what we know as cER (West et al., 2011). Even though this study 85 

unveiled clear details of the ER structural modifications at different stages of 86 

bud growth, temporal information is lacking, and the presence of alternative 87 

routes to inherit the ER into the daughter cell remain elusive.  88 

 89 

In addition to the ER inheritance stages under the normal growth condition, 90 

little was known about how the ER inheritance is impacted by functional 91 

status of the ER.  Previously, we discovered a cell-cycle checkpoint 92 

mechanism called the ER stress surveillance (ERSU) pathway which ensures 93 

that daughter cells inherit functional ER, and not ER that has been damaged 94 

by ER stress (Babour et al., 2010). Ultimately, the block of the ER inheritance 95 

during the ER stress leads to the cytokinesis block, leading to the halt of the 96 

cell cycle (Chao et al., 2019). Interestingly, we found that the ERSU pathway 97 

is independent of the well-known Unfolded Protein Response (UPR) pathway 98 

(Walter and Ron, 2011) that re-establishes ER homeostasis. While the UPR is 99 

activated by IRE1, an ER transmembrane kinase/endoribonuclease, the 100 

ERSU does not utilize IRE1. Rather, ERSU is regulated by the mitogen 101 

activated protein (MAP) kinase Slt2. Thus, as ER function is replenished by 102 

the UPR, cells re-enter the cell cycle and resume ER inheritance (Piña and 103 

Niwa, 2015).  104 

 105 

In order to further the understanding of the ER inheritance, we set out to 106 

investigate how the spatial-temporal and morphological changes of the ER 107 

are orchestrated during ER inheritance in live yeast cells upon employing 108 

microfluidic chambers. Furthermore, we investigated how ER stress affects 109 

the ER inheritance and also tested impacts of genetic mutants that have 110 

been reported to block the ER inheritance. We found that ER inheritance into 111 

the daughter cell can be largely divided into three stages in live-cell analyses. 112 

In stage one, an ER tubule emanated from the mother pnER, is oriented 113 

towards and extends into the incipient bud. In stage two, this ER tubule will 114 
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be extended and ultimately anchored at the bud tip and form an enriched ‘ER 115 

cap’. Finally, in stage three, new ER tubules emerge from the ‘ER cap’ and 116 

spreads into the bud periphery, forming cER. Finally, ER inheritance was 117 

blocked at one of these stages depending upon different mutants, 118 

suggesting that these key stages are rate limiting stages for the ER 119 

inheritance.   120 

 121 

 122 

RESULTS AND DISCUSSION 123 

 124 

The reticulons and Yop1 regulate the first stage of ER inheritance 125 

 126 

We reported that ER stress inhibits cER inheritance into the daughter cell as a 127 

part of the ERSU events (Babour et al., 2010; Piña and Niwa, 2015; Piña et al., 128 

2016; 2018; Chao et al., 2019). Although ER inheritance during normal growth 129 

conditions has been described, ER inheritance during ER stress has not been 130 

investigated in detail during the cell cycle. To further investigate, we performed 131 

live-cell time-lapse imaging to observe the sequence of events that lead to ER 132 

inheritance and its block with improved temporal resolution. We utilized a 133 

microfluidics chamber to simulate a native growth environment for a living cell 134 

culture (Fig. 1A). The micro-chamber was coated with Con A to immobilize 135 

cells (Hansen et al., 2015) and was continuously perfused with either fresh 136 

media or media containing tunicamycin (Tm), a well-characterized ER stress 137 

inducer that inhibits N-glycosylation, thus cells accumulate non-glycosylated 138 

unfolded proteins in the ER lumen which activate both the unfolded protein 139 

response (UPR) and the ERSU cell cycle checkpoint.  140 

 141 

We used Pho88-GFP, an integral membrane protein, as an ER marker to 142 

monitor the earliest stages of ER inheritance (Fig. 1B, Movie S1). The first clear 143 

event observed was a tubular structure emanating from the pnER and directed 144 

toward the incipient bud (Fig. 1B, 4 min). This early tubular ER was also 145 

observed with a different ER membrane reporter, Sec61-GFP (Fig. S1A, Movie 146 
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S2). While a few ER tubules linking the cER and the pnER could be detected 147 

in the mother, only one tubule entered the bud (Fig. 1B, 20 min). From here on, 148 

we will refer to this tubular ER structure as the “initial ER tubule (IET)”.  149 

 150 

We next investigated how ER stress might alter IET entry into daughter cells. 151 

This time, the microfluidics chamber was perfused with media containing 152 

tunicamycin (Tm) to induce ER stress on wildtype (WT) cells expressing 153 

Pho88-GFP (Fig. 1C, Movie S3). We found that although the IET emanated 154 

from the mother pnER was still oriented correctly to the incipient bud neck, it 155 

did not enter the bud (Fig. 1C, 0-20 min). Subsequently, as the daughter cell 156 

grew, little GFP accumulated in the bud (Fig. 1C, ~28-32 min). This persisted 157 

even when the bud became slightly larger (Fig. 1C, 44 min).  Quantitation 158 

indicated that IET entry into buds was significantly reduced when cells were 159 

under ER stress (Fig. 1D). Taken together, these results showed that ER 160 

stress blocked IET entry into the daughter cell (Fig. 1E), suggesting that 161 

components responsible for the early stages of the ER inheritance were 162 

sensitive to ER stress.  163 

 164 

 Previously, we identified Rtn1, Rtn2, and Yop1 as additional components of 165 

the ERSU pathway and that rtn1∆rtn2∆yop1∆ cells were unable to activate 166 

the ERSU response (Piña et al., 2016). Thus, we next investigated the details 167 

of ER inheritance in rtn1∆rtn2∆yop1∆ cells using a different ER reporter, 168 

Hmg1-GFP. In time-lapse studies, we noticed that IETs were often missing in 169 

the mother in rtn1∆rtn2∆yop1∆ cells (Fig. 1F-G; Fig. S1B). We also frequently 170 

failed to detect tubular ER in the buds of rtn1∆rtn2∆yop1∆ cells (Fig. 1G-H). 171 

In those cells that did contain an IET that originated from the mother pnER, 172 

the IET failed to orientate correctly towards the bud (Fig. 2A for WT vs Fig. 173 

2B-C for rtn1∆rtn2∆yop1∆ cells). Importantly, rtn1∆rtn2∆yop1∆ cells did not 174 

show contiguous cER with normal appearance (Fig. 2A for WT vs Fig. 2B-C 175 

for rtn1∆rtn2∆yop1∆ cells). This was expected, as Rtn1, Rtn2, and Yop1 play 176 
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roles in establishing ER curvature (Voeltz et al., 2002). Nonetheless, we were 177 

surprised to find that a few rtn1∆rtn2∆yop1∆ daughter cells still inherited 178 

some ER (Fig. 2D-E), although the majority of these cells (~80%) had 179 

abnormal tubules (Fig. 2F), suggesting that ER inheritance was 180 

unconventional in the absence of Rtn1, Rtn2 and Yop1. Instead of inheriting 181 

ER via an IET which normally emanated from the mother pnER, the cER of 182 

rtn1∆rtn2∆yop1∆ mother cell appeared to invade the daughter cell cortex and 183 

generated cER-like structures with severely altered morphologies (Fig. 2D-184 

2E, arrowheads). ER stress did not induce additional ER inheritance defects 185 

in rtn1∆rtn2∆yop1∆ cells (Fig. 2G-H and Fig. S1B-C; quantitation in Fig. 2I). 186 

 187 

Finally, we assessed the functional significance of the abnormal ER 188 

inheritance in rtn1∆rtn2∆yop1∆ cells. In growth assays, we found that 189 

rtn1∆rtn2∆yop1∆ cells grew similar to WT cells under normal conditions, but 190 

grew significantly worse on Tm containing media, although not to the same 191 

extent as the UPR deficient ire1∆ cells (Fig. 2J). These results suggested that 192 

proper formation and entry of the IET was critical for cell survival under ER 193 

stress.  194 

 195 

The results so far indicated that the shape of ER may be an important 196 

determinant in IET formation. As shown previously by EM tomography, pnER 197 

consists of smooth ER sheets (West et al., 2011). So, how might a tubule 198 

arise from a flat membrane sheet structure? The reticulons and Yop1 contain 199 

a conserved protein domain that insert into the ER membrane as hairpins 200 

(Voeltz et al., 2006), which may facilitate the generation of membrane 201 

curvature by forming a wedge on the cytoplasmic side of the membrane 202 

(Shibata et al., 2010). Inducing membrane curvatures by recruiting membrane 203 

shaping proteins is a common cellular strategy for generating new structures 204 

from the smooth surface of the ER, such as COPII vesicle formation at ER 205 

exit sites (Jensen and Schekman, 2011). Thus, the curvature forming 206 
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property of reticulons and Yop1 may be the mechanism responsible for IET 207 

formation from pnER. In support of this hypothesis, the ER in cells lacking 208 

reticulons is converted into large sheets (Voeltz et al., 2006), and we indeed 209 

observed that the ER tubules emanating from pnER were often poorly 210 

formed, if at all, in cells missing reticulons and Yop1. As a result, the buds in 211 

these cells had very little cER, suggesting that the shape of the ER is highly 212 

regulated and is important for ER inheritance. The growth defect of 213 

rtn1∆rtn2∆yop1∆ cells in the presence of ER stress highlighted their 214 

significance in formation of IET and ER inheritance.  215 

 216 

Spa2 and Slt2 are required for the formation of an ER cap in the second 217 

stage of ER inheritance 218 

 219 

After IET entered the daughter cell, we observed strong Pho88-GFP signals 220 

accumulating at the bud tip (Fig. 1B, 28-44 min). We termed this rich ER 221 

deposit at the bud tip the “ER cap.” We also witnessed ER cap formation 222 

with other ER reporters, including Hmg1-GFP (Fig. 1F) or Sec61-GFP (Fig. 223 

S1A). Moreover, the ER cap was only apparent in cells with small to medium 224 

buds (bud index of ~0.15) and not in cells with very small (bud index ~0.05) 225 

or medium to large buds (bud index ~0.3) (Fig. S2A). Thus, we hypothesized 226 

that the ER cap might have differentiated from the IET upon its binding to 227 

proteins at the bud tip. In support, previous studies have described that the 228 

ER is anchored at the bud tip prior to spreading to the cell cortex 229 

(Fehrenbacher et al., 2002; Wiederkehr et al., 2003).  230 

 231 

Previously, we reported that the MAP kinase Slt2 is needed for 232 

activating the ERSU pathway (Babour et al., 2010). While Slt2 performs 233 

multiple cellular functions, we found that the population of Slt2 involved in 234 

ERSU is localized to the bud tip (Chao et al., 2019). Thus, we reasoned that 235 

identifying Slt2 interacting partners at the bud tip might be an avenue to 236 

uncover the component(s) that anchors the IET at the bud tip. Through 237 

searching genetic interactions annotated for SLT2 on the Saccharomyces 238 
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Genome Database (SGD), we noticed that SPA2 has a negative genetic 239 

interaction with SLT2 (Costanzo et al., 2010). Spa2 is part of the polarisome 240 

complex and is localized to the bud tip early in the yeast cell cycle (Pruyne 241 

and Bretscher, 2000). Two yeast-two-hybrid screens have demonstrated that 242 

Spa2 directly interacts with Slt2 (Sheu et al., 1998; van Drogen and Peter, 243 

2002) (Fig. S2B). Importantly, while re-examining our previously published 244 

DHFR screen for Slt2 (Chao et al., 2019), we noticed that Spa2 showed 245 

increased interactions with Slt2 during ER stress (Fig. S2C). In addition to 246 

these physical interaction data, other lines of evidence also suggest that 247 

Spa2 may function with Slt2 in ER inheritance under normal growth 248 

conditions (Loewen et al., 2007; Li et al., 2013). Thus, we investigated how 249 

Spa2 might function with Slt2 in the later stages of ER inheritance after IET 250 

entry into the daughter cell. 251 

 252 

To confirm the protein-protein interactions between Slt2 and Spa2, we used 253 

the protein-complementation assay with split-YFP as the reporter to visualize 254 

the direct binding of Slt2 and Spa2 in living cells  255 

(Michnick et al., 2007). In this assay, Slt2 was fused to one half of YFP, while 256 

Spa2 was to the complementary half of YFP. Physical interaction between 257 

Slt2 and Spa2 proteins brought both fragments of YFP into close proximity, 258 

allowing them to re-constitute and emit fluorescence. In addition to 259 

demonstrating the physical interaction between two proteins, it also revealed 260 

the subcellular site of the interaction. We found that YFP was localized to the 261 

tips of small buds, a location similar to that of the ER caps (Fig. 3A). 262 

Furthermore, Spa2-GFP co-immunoprecipitated with a fraction of total 263 

cellular Slt2 (Fig. S2D). These results revealed that a pool of Slt2 localized to 264 

the tip of small buds interacted with Spa2 during polarized cell growth, 265 

consistent with published observations (Li et al., 2010). 266 

 267 

To dissect the functional significance of Spa2 under normal growth and 268 

under ER stress, we monitored ER inheritance in slt2∆spa2∆ cells. During ER 269 

stress, ER inheritance is normally blocked in WT cells early in the cell cycle 270 
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(Babour et al., 2010; Piña and Niwa, 2015; Piña et al., 2018). Thus, evaluating 271 

the effects of ER stress in the later stages of ER inheritance, such as the 272 

anchoring of IET to the bud tip or the lateral expansion of cER from the bud 273 

tip, is rather difficult in WT cells. However, in slt2∆ cells, ER is inherited even 274 

under ER stress (but this ultimately leads to cell death), thus providing us 275 

with an opportunity to investigate the role of Spa2 after the ER anchoring 276 

step. To this end, we generated slt2∆spa2∆ cells carrying Pho88-GFP and 277 

performed microfluidics experiments. During normal growth, slt2∆spa2∆ cells 278 

showed nearly normal ER inheritance, but ER cap formation was noticeably 279 

missing when compared to WT (Fig. 3B vs 1B and S3A vs S3B).  280 

Quantifications confirmed that ER cap formation was significantly reduced in 281 

slt2∆spa2∆ (Fig. 3C-D; Fig. S3A vs S3B; Movies S4 vs S5). During ER stress, 282 

due to the lack of SLT2, cells were not able to initiate the ERSU response 283 

and ER inheritance was not blocked in slt2∆spa2∆, resulting in some ER 284 

signals being detected in the daughter cells (Fig. 3E-F).  285 

 286 

To further characterize the nature of the ER observed in slt2∆spa2∆ cells, we 287 

utilized Tcb3-GFP, an integral ER protein that is also a part of the ER-PM 288 

contact site complex (Toulmay and Prinz, 2012). Thus, Tcb3-GFP allows the 289 

visualization of only the cER rather than total ER. Indeed, we found that in 290 

wildtype cells, Tcb3-GFP signal was abundant in the daughter cell cortex 291 

(Fig. 3G, yellow arrows). However, in slt2∆spa2∆ cells, Tcb3-GFP signal was 292 

very patchy or fragmented (Fig. 3G, yellow arrowheads). These results were 293 

consistent with our earlier findings that slt2∆spa2∆ cells did not inherit 294 

complete cER (Fig. 3F). Interestingly, we noticed that the cER defects in 295 

slt2∆spa2∆ was more apparent in medium-budded cells, after the stage of 296 

ER cap formation (Fig. 1B, 40 min onward; Fig. S1A, 40 min onward; Fig. 297 
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S3A, 8 min onward), suggesting that the lack of ER cap in the daughter cells 298 

of slt2∆spa2∆ may be associated with their cER defects.  299 

 300 

In order to test if Spa2-dependent ER cap formation played a role in the 301 

ERSU pathway, and to investigate the significance of the Slt2-Spa2 302 

interaction, we examined the growth of slt2∆spa2∆ cells.  The growth of the 303 

double mutant was reduced when compared either slt2∆ or spa2∆ cells even 304 

under normal conditions, providing further support fora negative genetic 305 

interaction between SLT2 and SPA2 (Fig. 3G). It should be noted that we 306 

added an osmotic stabilizer (sorbitol) to the media for this growth assay, 307 

since Slt2 is also involved in the Cell Wall Integrity (CWI) response, 308 

Importantly, this growth difference was further exacerbated in the presence 309 

of ER stress (Fig. 3G).  Previously, we reported that both Slt2’s kinase activity 310 

and its auto-phosphorylation are critical for the ERSU pathway (Babour et al., 311 

2010). Here, we found that either the auto-phosphorylation mutant 312 

(T190AY192F) or the kinase dead mutant (K54R) of Slt2 was capable of 313 

rescuing the growth sensitivity both under normal and ER stress growth 314 

conditions (Fig. 3I). The extent of rescue by either allelic variants of Slt2 was 315 

similar to that of wildtype Slt2 regardless of ER stress induction, suggesting 316 

that Spa2 likely interacted with Slt2 outside of these residues. Taken 317 

together, the genetic and physical interactions between Slt2 and Spa2 318 

indicated that they functioned together at the bud tip to facilitate the 319 

formation of the ER cap (Fig. 3K).  320 

 321 

Ice2 functions with Slt2 in the third stage of ER inheritance 322 

 323 

In our microfluidics experiment with WT cells, we observed that at later time 324 

points, the ER cap was less prominent, and cER became more evenly 325 

distributed in the bud periphery (Fig. 4A, beyond 48 min; Fig. S3A, after 20 326 

min; Movies S1, S4, and S7). This suggested that as the bud grew, ER 327 

proliferated from the ER cap to decorate the bud cortex, ultimately forming 328 
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the PM-associated reticular cER network that is frequently described in the 329 

literature. For instance, a recent study used EM tomography to show that 330 

tubular ER in a small bud branches out from a central nexus towards the bud 331 

periphery and makes contacts with the PM, eventually establishing cER 332 

(West et al., 2011). In addition, another study used time-lapse microscopy to 333 

show that tubular ER in the bud undergoes dynamic branching during growth 334 

(Costanzo et al., 2010). Based on previously published and our current 335 

observations, we hypothesized that the dynamic remodeling of the ER cap, 336 

and the proliferation and spreading of ER into the bud cortex to establish 337 

cER is an essential step in ER inheritance that could be affected by ER 338 

stress. 339 

  340 

We searched for candidates that may function with Slt2 in the later stages of 341 

ER inheritance, in particular ER spreading. Since SPA2 showed a negative 342 

genetic interaction with SLT2 and that it played a role in capturing tubular ER 343 

at the bud tip to form an ER cap, we reasoned that component(s) that 344 

interacts negatively with SLT2 may include gene(s) involved in spreading ER 345 

from the ER cap.  We noticed that ICE2 negatively interacts with SLT2 in an 346 

unbiased whole genome survey (Estrada de Martin et al., 2005). Ice2 is an ER 347 

transmembrane protein, and ice2∆ cells have mild defects in the distribution 348 

of cER (Babour et al., 2010). Thus, we wondered if the genetic interaction 349 

between ICE2 and SLT2 might suggest that ICE2 function in spreading ER 350 

from the ER cap. To test this idea, we used live-cell imaging to follow ER 351 

inheritance in slt2∆ice2∆ cells, with a focus on the later stages (Fig. 4B, Fig. 352 

S3A and S3C; Movie S6). Even though we observed normal ER tubule 353 

anchoring to the bud tip as well as the formation of an ER cap, we noticed 354 

that ER spreading in the bud was incomplete (Fig. 4B, starting at the 20-min 355 

mark; Fig. S3C, after 32 min). We discovered that while WT cells have ~80% 356 

of their cell periphery covered with cER, slt2∆ice2∆ cells only had ~16% cER 357 

in the bud and ~35% in the mother (representative images, Fig. 4C; 358 

quantification, Fig. 4D). In comparison, ∆ice2 single mutant had 39% cER in 359 
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the bud and 50% in the mother (Fig. 4D). Using Tcb3-GFP, we confirmed 360 

that slt2∆ice2∆ indeed had incomplete cER in the bud, representing severe 361 

defects in ER spreading (Fig. 4E).  362 

 363 

Preventing cER spreading at the bud cortex enhances ERSU activation 364 

 365 

To further test the significance of the cER spreading step in the ERSU 366 

pathway, we examined the impact of ER stress on cER formation in 367 

slt2∆ice2∆ cells. As expected, WT cells blocked cER inheritance by the 368 

daughter cell (Fig. 4F, left). In slt2∆ice2∆ cells, we observed only small 369 

amounts of fragmented cER in the daughter cell (Fig. 4F, right; quantitation in 370 

Fig. S3D). Furthermore, slt2∆ice2∆ cells grew better than slt2∆ cells under ER 371 

stress (Fig. 4H). Thus, the ER spreading defect induced by the additional 372 

deletion of ICE2 in slt2∆ cells (eg. slt2∆ice2∆) may have rescued the cells’ 373 

sensitivity to ER stress. These results were in agreement with our previous 374 

results that preventing cER inheritance in slt2∆ cells by using a low dose of 375 

Latrunculin B, an actin temperature-sensitive mutation (act1-1), or MYO4 376 

deletion rescued their growth sensitivity to ER stress (Babour et al., 2010). 377 

Interestingly, we found that Slt2’s kinase function was required for rescuing 378 

the growth defects of slt2∆ice2∆ cells under normal or ER stress conditions. 379 

The hypersensitivity to ER stress of slt2∆ice2∆ cells could only be rescued 380 

with the wildtype Slt2, as neither K54R nor T190A Y192F mutant alleles of 381 

SLT2 rescued the growth of slt2∆ice2∆ cells (Fig. 4H). This finding was in 382 

contrast to our slt2∆spa2∆ data (Fig. 3I), suggesting that the kinase function 383 

and the phosphorylation of Slt2 was required for its role in cER spreading, 384 

even though they are dispensable for ER cap formation. Taken together, 385 

these data suggest that SLT2 and ICE2 function together in the late stage of 386 

ER inheritance, namely ER spreading (Fig. 4I). 387 
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 388 

 389 

In conclusion, we can now further divide early ER inheritance into three 390 

stages: (1) forming an ER tubule (IET) from the mother pnER and delivering it 391 

into the new bud; (2) anchoring the IET to the bud tip and forming an ER cap; 392 

and (3) spreading ER from the ER cap to the bud cortex to form cER (Fig. 5). 393 

In the first stage, reticulons and Yop1 were important for the formation and 394 

orientation of the IET. Following IET entry into the daughter cell, Slt2 395 

functioned with the polarisome Spa2 at the bud tip to regulate the formation 396 

of the ER cap. On the other hand, Slt2 functioned with the cER inheritance 397 

factor Ice2 to release ER from the ER cap, so that ER could spread to the 398 

bud periphery to form cER. Our findings here revealed more specific roles for 399 

Slt2 in each of the three ER inheritance stages, further suggesting that ER 400 

inheritance is likely regulated throughout the cell cycle via requisite 401 

checkpoints, which may be similar in principle to the morphogenesis check 402 

point mediated by the Swe1 kinase (Zarzov et al., 1996). In fact, Slt2 is found 403 

to undergo periods of activation via phosphorylation throughout the cell 404 

cycle, peaking at the polarized growth phase (Xu et al., 2009; Roberts et al., 405 

2010). This indicates that Slt2 is likely most active during its required 406 

functions in stages 2 and 3 of early ER inheritance; by interacting with 407 

different partners such as Spa2 and Ice2, Slt2 may regulate these two 408 

distinct but tightly connected steps. Taken together, Slt2 may have emerged 409 

to become a crucial regulator that couples ER function to general cell-cycle 410 

progression, a critical property that warrants further study. 411 

 412 

Our study of ER inheritance in yeast may contribute to the understanding of 413 

how ER is distributed even in non-dividing cells such as neurons. In order to 414 

integrate diverse electrical signals, neurons have highly branched dendrites, 415 

which have numerous membrane protrusions called dendritic spines that 416 

serve as postsynaptic terminals. How ER reaches distant dendritic spines 417 

hundreds of microns away from the cell body is not well understood, but is 418 

an important question to answer since dendritic spine dynamics are 419 
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associated with learning and memory (Cui-Wang et al., 2012). Nevertheless, 420 

not all dendritic spines contain ER (Mostafavi et al., 2008). How then, do 421 

neurons regulate the delivery of ER to dendritic spines? Even though neurons 422 

do not undergo cell division once differentiated, the formation of dendritic 423 

spines share similarities with the asymmetric cell division in yeast. Therefore, 424 

our findings may serve as basic starting points to interrogating the complex 425 

arrangements of ER in neurons. 426 

 427 

FIGURE LEGENDS 428 

 429 

Figure 1. Rtn1, Rtn2 and Yop1 are required for the generation of an 430 

initial ER tubule (IET) from the mother pnER. 431 

 432 

(A) Schematics of the design of the microfluidics device used throughout 433 

this study. 434 

(B) WT cells expressing Pho88-GFP were immobilized in a ConA-coated 435 

microfluidics device, which was continuously perfused with fresh 436 

synthetic complete (SC) medium. All images were taken every four 437 

minutes from a single, central focal plane using fluorescent microscopy. 438 

Yellow arrows point to the appearance of an IET in the mother (at 4 min) 439 

and in the bud (20 min), or an ER cap in the bud (at 24 min); red arrows 440 

indicate the approximate locations of those structures in the DIC image. 441 

Also shown are the tracings of ER fluorescence. All scale bars, 2 µm. See 442 

also Movie S1 (Pho88-GFP) & S2 (Sec61-GFP) and Fig. S1A and S3A.  443 

 444 

(C) Similar to (B), but the media contained 1µg/ ml tunicamycin (Tm). Yellow 445 

arrowheads indicate the absence of an expected IET or ER cap in the 446 

bud. See also Movie S3. 447 

 448 

(D) Quantifications of buds containing an IET as visualized using Pho88-GFP 449 

in cells grown in SC or SC+Tm. Error bars indicate standard error (S.E.) 450 
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and asterisk indicates p < 0.005.	451 

 452 

(E) Cartoon representations of early events of ER inheritance in cells under 453 

normal or ER stress conditions. 454 

 455 

(F) WT cells expressing Hmg1-GFP were immobilized on an agar pad 456 

containing YPD, and imaged every four minutes. Images are deconvolved 457 

projections from a Z-stack. Yellow arrows indicate an IET extending from 458 

mother pnER towards the bud; red arrows indicate the approximate 459 

locations of those structures in DIC images.	460 

 461 

(G) Similar to (D) but in rtn1∆rtn2∆yop1∆ cells. Yellow arrowheads indicate 462 

the absence of an expected IET.	463 

 464 

(H) Quantifications of daughter cells containing an IET as visualized using 465 

Hmg1-GFP in the indicated strains. n > 50 for each strain. Error bars, 466 

S.E.; asterisk, p < 0.05. 467 

 468 

 469 

Figure 2. abnormal cER inheritance in rtn1∆rtn2∆yop1∆ cells 470 

 471 

(A) Visualization of an IET (ER was labeled with Hmg1-GFP) pointing 472 

towards the bud (yellow arrow) in a wildtype cell. All scale bars, 2 µm. 473 

 474 

(B-E) Time-lapse images of four different rtn1∆rtn2∆yop1∆ cells expressing 475 

Hmg1-GFP. Also shown are the tracings of ER in these cells to illustrate 476 

the four different types of ER inheritance defects observed. Yellow 477 

arrowheads indicate non-wildtype tubular structures which either did not 478 

enter the bud (B, C) or did not originate from the mother pnER (D, E). 479 

 480 
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(F) Quantifications of the abnormal ER tubules observed in unstressed WT 481 

and rtn1∆rtn2∆yop1∆ cells (n > 50). Error bars, S.E.; asterisk, p < 0.05. 482 

 483 

(G and H) Sample images of WT or rtn1∆rtn2∆yop1∆ cells expressing Hmg1-484 

GFP. Yellow arrowheads showed the absence of an IET in buds due to 485 

ER stress induction (Tm). 486 

 487 

(I) Quantifications of IET in mothers with an emerging bud in WT and 488 

rtn1∆rtn2∆yop1∆ cells (n > 50). Error bars, S.E.; asterisk, p < 0.05; n.s., 489 

not significant. 490 

 491 

(J) Serial dilutions of WT, rtn1∆rtn2∆yop1∆ and ire1∆ cells at mid-log phase 492 

were spotted onto SC media containing DMSO only, or 0.5 µg/ml Tm. 493 

 494 

 495 

Figure 3. The impact of ER stress on the second stage of ER inheritance 496 

involving the formation of an ER cap. 497 

 498 

(A) Split-YFP PCA between Slt2 and Spa2. Yellow arrows indicate 499 

localization of the interaction at bud tips; red arrows indicate the 500 

approximate locations of those interactions in DIC images. All scale bars, 501 

2 µm. 502 

 503 

(B) slt2∆spa2∆ cells expressing Pho88-GFP were imaged using microfluidics 504 

in SC media. Yellow arrowhead indicates the absence of an ER cap, and 505 

red arrow indicates bud tip. See also Fig. S3B and Movie S5 (slt2∆spa2∆) 506 

vs Movie S3 (WT) 507 

 508 
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(C) WT and slt2∆spa2 cells expressing Pho88-GFP. Yellow arrows indicate 509 

ER cap and cER in the daughter cells; yellow arrowheads indicate the 510 

absence of an ER cap; red arrows indicate the approximate locations of 511 

the interactions in DIC images. 512 

 513 

(D) Quantifications of ER cap formation for cells in (C) (n > 50) by measuring 514 

ER fluorescence ratios between bud tip and bud periphery and expressed 515 

in percentage. Error bars, S.E.; asterisk, p < 0.05. 516 

 517 

(E) Similar to (C), but media contained 1 µg/ml Tm to induce ER stress. 518 

Yellow arrowheads indicate the absence of cER and red arrows show 519 

those locations in DIC images. 520 

 521 

(F) Quantitation of ER inheritance in small-budded WT and slt2∆spa2∆ 522 

daughter cells grown with or without Tm. Only cells whose bud to mother 523 

size ratios less than 0.3 were quantified. Error bars, S.E.; asterisks, p < 524 

0.05; n.s., not significant. 525 

 526 

(G) WT and slt2∆spa2∆ cells expressing Tcb3-GFP. Yellow arrows indicate 527 

normal cER distribution and yellow arrowheads indicate defects in cER; 528 

red arrows indicate those locations in DIC images. Magnified views of the 529 

cER (Tcb3-GFP) of either WT or slt2∆spa2∆ daughter cells were shown.  530 

 531 

(H) Serial dilutions of WT and indicated mutants at mid-log phase were 532 

spotted onto SC media supplemented with 1 M sorbitol, and with or 533 

without 0.1 µg/ml Tm. 534 

 535 

(I) Similar to (H), except that slt2∆spa2∆ cells were transformed with a 536 

pRS315 plasmid containing no insert or the indicated alleles of SLT2. 537 

 538 
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(J) Cartoon representations showing the normal process of IET anchoring 539 

followed by the formation of ER cap. Deleting SLT2 and SPA2 interfere 540 

with both processes. 541 

 542 

 543 

Figure 4. The effects of ER stress on the 3rd stage of ER inheritance 544 

involving the spreading of cER into the bud cortex 545 

 546 

(A) Later time points (48 to 68 minutes) of the same microfluidic experiment 547 

shown in Fig 1B. Yellow arrows indicate cER and red arrows indicate the 548 

approximate locations of cER in DIC images. See also Movie S1, Fig. S3A 549 

and Movie S4. All scale bars, 2 µm. 550 

 551 

(B) slt2∆ice2∆ cells expressing Pho88-GFP were imaged using microfluidics 552 

in SC media. Yellow arrowheads indicate incomplete ER spreading in the 553 

daughter cell; red arrows indicate those locations in DIC. Magnified views 554 

of the cER (Pho88-GFP) of slt2∆ice2∆ daughter cells were shown. See 555 

also Fig. S3C and Movie S6.  556 

 557 

(C) WT and slt2∆ice2∆ cells expressing Pho88-GFP. Yellow arrows indicate 558 

cER and yellow arrowheads indicate missing cER; red arrows indicate 559 

those locations in DIC. Magnified views of the cER (Pho88-GFP) of either 560 

WT or slt2∆ice2∆ daughter cells were shown. 561 

 562 

(D) Quantifications of cER of cells shown in (C) (n > 50). The proportion of cell 563 

perimeter with associated cER was assessed in mothers and buds 564 

separately using Pho88-GFP as the ER marker. Error bars, S.E.; asterisks, 565 

p < 0.05. 566 

 567 
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(E) WT and slt2∆ice2∆ cells expressing Tcb3-GFP. Yellow arrows indicate 568 

cER and yellow arrowheads indicate incomplete cER; red arrows indicate 569 

those locations in DIC images. Magnified views of the cER (Tcb3-GFP) of 570 

either WT or slt2∆ice2∆ daughter cells were shown.  571 

 572 

(F) Similar to (C), but cells were treated with Tm. Yellow arrowheads indicate 573 

the expected ERSU-induced cER inheritance block phenotype; red 574 

arrows indicate those locations in DIC. Magnified views of the cER 575 

(Pho88-GFP) of either WT or slt2∆ice2∆ daughter cells were shown. See 576 

also Fig. S3D for quantitation. For one of the WT cell images, the position 577 

of the cell surface membrane is traced with a white dotted line. 578 

 579 

(G) Serial dilutions of WT and indicated mutants at mid-log phase were 580 

spotted onto SC media supplemented with 1 M sorbitol, and with or 581 

without 0.1 µg/ml Tm. 582 

 583 

(H) Similar to (G), but slt2∆ice2∆ cells containing the indicated plasmids were 584 

used. 585 

 586 

(I) Cartoon representations illustrating cER spreading from ER cap. Deleting 587 

SLT2 and ICE2 interferes with cER spreading. 588 

 589 

 590 

Figure 5. Key ER inheritance stages 591 

Cartoon drawings that illustrate the different stages of ER inheritance. Stage 592 

1, which is mediated by the reticulons and Yop1, involves the extension of an 593 

IET from mother pnER to the daughter cell. Stage 2, which is regulated by 594 

Slt2 and Spa2, involves the formation of an ER cap at the bud tip. Stage 3, 595 

which is mediated by Slt2 and Ice2, involves spreading ER from the ER cap 596 

to the bud cortex. 597 
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 598 

 599 

Supplemental Figures 600 

 601 

Figure S1. An ER tubule emanating from the mother pnER extends 602 

towards the bud neck and enters into the daughter cell. Related to 603 

Figure 1. 604 

 605 

(A) WT cells expressing Sec61-GFP under the endogenous promoter were 606 

immobilized in a ConA coated microfluidics device, which was 607 

continuously perfused with fresh synthetic complete (SC) medium. 608 

Images were taken every four minutes from a single, central focal plane 609 

using fluorescent microscopy. All scale bars, 2 µm. 610 

 611 

(B-C) Time-lapse of rtn1∆rtn2∆yop1∆ cells expressing Hmg1-GFP at the 612 

endogenous locus grown in medium with DMSO (B) or Tunicamycin (Tm). 613 

 614 

 615 

Figure S2.  Slt2 physically interacts with Spa2 in unstressed cells. 616 

Related to Figure 3. 617 

 618 

(A) Quantitation of cells with vs without ER caps by bud index number (bud 619 

mother ratios). Error bars, S.E. Asterisks, p < 0.05. 620 

 621 

(B) Physical interaction network of Slt2 and Spa2 produced using 622 

GeneMANIA (Sheu et al., 1998; van Drogen and Peter, 2002). The two 623 

edges connecting Spa2 and Slt2 came from two independent studies 624 

(Chao et al., 2019). 625 

 626 

(C) Physical interactions between Slt2 and selected polarity proteins from the 627 

previously published DHFR screens (Janke et al., 2004). Spa2 showed 628 
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increased interactions with Slt2 in the presence of ER stress. 629 

 630 

(D) Slt2 co-immunoprecipitated with Spa2 (IP: GFP lane 2). Arrowheads show 631 

the background bands.  632 

 633 

Figure S3.  Additional time-lapse images showing ER inheritance steps. 634 

Related to Figure 1, 3, 4, and 5. 635 

 636 

(A) Live-cell imaging of WT cells expressing Pho88-GFP. Cells were 637 

immobilized on agarose pads containing SC media (related to Figure 1B 638 

and Movie S4).  639 

 640 

(B) Similar to (A) but in slt2∆spa2∆ cells. Note the lack of ER cap formation as 641 

indicated by the yellow arrowhead (related to Figure 3B, Movie S5) 642 

 643 

 (C) Similar to (A) but in slt2∆ice2∆ cells. Note that cells did not spread cER 644 

(yellow arrowheads) despite forming an ER cap (related to Figure 4B, 645 

Movie S6) 646 

 647 

(D) Quantifications of ER inheritance in the indicated strains expressing 648 

Pho88-GFP. Error bars, S.E.;, asterisks, p < 0.05; n.s., not significant. 649 

Related to Figure 4. 650 

 651 

 652 

Movie S1. Time-lapse microfluidics experiment of WT cells expressing 653 

Pho88-GFP grown in SC media. 654 

Movie S2. Similar to Movie S1, but WT cells were expressing Sec61-GFP. 655 

Movie S3. Similar to Movie S1, but media contained 1 µg/ml Tm. 656 

Movie S4. Time-lapse imaging of WT cells that were expressing Pho88-GFP 657 

and immobilized on an agarose pad containing SC media. 658 

Movie S5. Similar to Movie S4 but with slt2∆spa2∆ cells. 659 
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Movie S6. Similar to Movie S4 but with slt2∆ice2∆ cells. 660 

  661 
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MATERIALS AND METHODS 662 

 663 

Yeast strains, plasmids and growth conditions: All yeast strains, except 664 

for rtn1∆rtn2∆yop1∆ (MNY2703) and the accompanying wild-type (MNY1037) 665 

were on the basis of S288C, and grown at 30 ºC in synthetic-defined (SD) or 666 

complete (SC) medium. Single deletion strains with the KanMX marker were 667 

obtained from the yeast haploid deletion collection (BY4741, MAT a, Thermo 668 

Scientific). Other single deletion strains with the NatR marker were done by 669 

one-step homologous recombination of PCR-generated fragments in 670 

haploids using the p4339 plasmid in BY7092 strain (both from Boone lab, 671 

University of Toronto). GFP tagging of endogenous proteins was done by the 672 

PCR method using the pKT128 (SpHIS5) plasmid (Tavassoli et al., 2013) in 673 

the BY7043 background (Chao et al., 2014). Double deletion strains were 674 

generated by mating and tetrad dissection. PCA strains were generated as 675 

previously described (Kim et al., 2008). Plasmids p2188, p2190 and p2193 676 

were kind gifts of D. Levin (Chao et al., 2014). pHVF1CT and pUVF2CT were 677 

gifts from C. Loewen (Chao et al., 2014). 678 

 679 

Spot assays: 10- fold serial dilutions of log phase cells were using a pin-680 

frogger onto agar plates containing SD media, and supplemented with 1M 681 

sorbitol where indicated. All assays were performed at 30ºC for 24-48 hours, 682 

and repeated independently at least two times. 683 

 684 

Microscopy: Cells were visualized using a Zeiss Axiovert 200M fluorescent 685 

microscope with a 100 x 1.3 NA objective, unless otherwise stated. 686 

Deconvolution of images were done using Axiovision software (Zeiss). 687 

 688 

Microfluidics microscopy: Microfluidic devices were fabricated using 689 

polydimethyl siloxane (PDMS) following published procedures (Hansen et al., 690 

2015), at the UCSD Biodynamics Laboratory. After cells were introduced into 691 

the device as published, the device was mounted on the microscope via a 692 

custom-made stage adaptor. Tubings (BTPE-90, Instech Laboratories, Inc. 693 
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Plymouth Meeting, PA, USA) were attached to the device via custom-made 694 

connectors, and SC medium were perfused through the channels in the 695 

device by gravity flow. Single plane images were taken every four minutes 696 

using Axiovision software on a Zeiss microscope, and analyzed using ImageJ 697 

software (NIH). 698 

 699 

Time-lapse microscopy on agarose pads: Time-lapse images of wild-type 700 

(MNY1037) and rtn1∆rtn2∆yop1∆ (MNY2703) strains (Figure 1 and Figure 2) 701 

were collected on agarose (1.6%) pads containing 0.5X YPD (1% peptone, 702 

0.5% yeast extract, 2% dextrose). Images were collected on a DeltaVision 703 

system (Applied Precision) consisting of an inverted epifluorescence 704 

microscope (IX71, Olympus) equipped with a temperature chamber 705 

maintained at 30°C for the duration of the time-lapse. Images are z-706 

projection of deconvolved z-stacks. For Supplemental Figure 3 and 707 

Supplemental Figure 4, imaging was carried out on the Zeiss Axio Observer 708 

fluorescent microscope with a 100 x 1.3 NA objective on Agarose pads 709 

containing complete synthetic yeast medium. Deconvolution and z-710 

projections were performed with Zen 2.3 Pro software (Zeiss). 711 

 712 

Image quantification: All quantifications were done using ImageJ. To enable 713 

direct comparisons, wild-type and mutant cells were imaged on the same 714 

day with identical microscope settings. Bud to mother size ratios were 715 

determined by measuring the area occupied by bud and mother cells on the 716 

corresponding transmission images. Small budded cells were classified as 717 

bud area less than 1/3 of the mother, and medium budded cells had bud 718 

area greater than 1/3. To quantify ER fluorescence, a surface plot was 719 

generated from the fluorescent images, and the peak fluorescent intensities 720 

were estimated from the plot. Quantification of cER in wild-type and 721 

slt2∆ice2∆ cells was done by measuring the distance occupied by the ER 722 

fragments in the cell cortex, and divided by the circumference of the bud or 723 

mother cell. All error bars represent SEM. 724 
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