1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

/ HHS Public Access

Author manuscript
CourseSource. Author manuscript; available in PMC 2022 August 17.

Published in final edited form as:
CourseSource. 2022 ; 9: . doi:10.24918/cs.2022.3.

Does Organelle Shape Matter?: Exploring Patterns in Cell Shape
and Structure with High-Throughput (HT) Imaging

Carlos C. Gollerl2”, Graham T. Johnson3, Kaitlyn Casimo3
1Department of Biological Sciences, North Carolina State University

2Biotechnology Program, North Carolina State University

3Allen Institute

Abstract

Organelle structure has been studied and visualized for decades; however, publicly available
databases that use improved high-throughput microscopy of gene-edited cell lines have recently
revolutionized the amount and quality of information now available for use in undergraduate
classes. This lesson demonstrates how the use of high-throughput (HT) microscopy has generated
data describing organelle structure and variability. Students access, analyze, and evaluate cell
structure images using the Allen Institute for Cell Science’s Allen Cell Explorer. Students
synthesize the information to make recommendations and propose a future experiment. Using
web-based tools and a realistic scenario that merges antimicrobial drug screens with eukaryotic
cell perturbations and structure, this case study provides a guided tour of the powerful applications
of high-throughput microscopy.
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Does Or]ganelle Shape Matter?

Exploring Patterns in Cell Shape and
Structure with High-throughput (HT) Imaging

INTRODUCTION

New genetic engineering and microscopy techniques allow researchers to visualize live

cells with minimal disturbance and unprecedented clarity. High-throughput microscopy (HT)
techniques have also evolved recently to incorporate improved robotic automation that can
care for cells and generate microscope image data on par with images carefully collected

by humans. These techniques have produced massive amounts of reproducible cell image
data that have enabled novel types of cell biology analyses to be performed robustly.

For example, these techniques have allowed for the creation of a benchmark for mean
intracellular structure organization and the natural range of organizational variation from
cell-to-cell (1) as well as for machine learning algorithms to predict changes in cell structure
and function (2). This type of data has also proven useful in teaching virtual labs on mitosis
(3). In our new lesson, students will learn about HT imaging and cell structure variation

by exploring resources produced by the Allen Institute for Cell Science, which are freely
available on the web.

The endoplasmic reticulum (ER) is a large organelle found inside of eukaryotic cells. It

is a membrane-bound compartment with an extremely complicated organic morphology
(anatomical shape) that varies greatly throughout different regions of the cell’s interior,
across different stages of the cell cycle, and among cells exposed to different environmental
conditions. The ER serves critical roles in cellular function, such as calcium storage, protein
synthesis, and lipid metabolism (4,5). Therefore, despite decades of research, ER structure
and associated diseases remain an active area of study (6).

The ER is introduced early in science education and revisited in undergraduate curricula,
where the complex morphology is often depicted using only highly stylized illustrations or
cross-sections that come from electron microscopy. Published educational resources most
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often engage students in thinking about cell organelles, along with their structure and
functions, using debates and image libraries (7, 8). These approaches provide a useful
foundation for understanding an organelle as complicated in morphology and function as
the ER. However, the use of microscopy to gain insights into organelle structure-function
relationships continues to be taught using idealized images or limited microscopy data

that can create misconceptions (9). Using high-throughput microscopy images to show
many examples of the ER can help students understand the relationships between diverse
intracellular structures and functional information provided by the instructor. It provides an
opportunity, relatively early in their learning, to develop an intuition for the diversity and
variation of cellular structure, before students try to interpret more “real world” images

in the lab or results from more sophisticated quantitative analysis techniques. This lesson
guides students through the exploration of cell morphology to highlight the variability in
cell populations and cycles. Using numerous microscopy images, students are able to gain a
deeper understanding of what the ER truly looks like and how its structure varies.

Building on the CourseSource lesson created by Shelden et al. (3), this lesson uses the

case study approach and structured group discussions to guide exploration of a challenging
laboratory scenario and complex HT imaging procedures. The activity uses active learning
and evidence-based practices. The lesson is part of a series of cases produced by the NSF
High-throughput Discovery Science & Inquiry-based Case Studies for Today’s Students
(HITS) group with the goal of using the case study approach to engage students in authentic
inquiry of novel high-throughput datasets. “ Does Organelle Shape Matter?’ is designed for
upper-division undergraduate students to explore a large image dataset, reflect on the impact
of current and emerging HT approaches, and explore how HT approaches are contributing to
our fundamental understanding of the cell.

Intended Audience

This lesson was designed for juniors, seniors, and early graduate students from diverse
majors and programs at a large public research university. We have taught this lesson

to students in chemical engineering, biological sciences, biomanufacturing, microbial
biotechnology, and physiology concentrations. This lesson could also be useful early in
their academic career for students in programs for microbiology, molecular/cell biology, or
pre-medicine/pre-health majors.

Required Learning Time

In-class time required for this lesson is approximately 1-2 hours. As a potential alternative,
an entirely online asynchronous version of this lesson would require time to complete

the case study worksheets and follow instructions, totaling approximately 2-3 hours. A
15-30-minute subsequent wrap-up and discussion session led by the instructor is encouraged
to emphasize key points, address any misconceptions, and share findings.

Prerequisite Student Knowledge

Successful implementation of this lesson is not dependent upon particular background
knowledge and can be adapted to many contexts by the instructor. Knowledge of basic
cell biology, genetics, and microbiology is recommended. Specifically, it is recommended
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that students know about ER function, fluorescence microscopy, and CRISPR gene editing.
A brief overview of the Allen Cell Explorer is available as a video: Allen Cell Explorer
Tutorial: Navigating the 3D Cell Viewer (3:31 min.). The entire activity is web-based.
Students are expected to already understand basic concepts of fluorescence microscopy and
gene editing, though no detailed methodological knowledge is required. In this lesson, they
will focus primarily on learning about the endoplasmic reticulum and the general concept of
natural cell structure variation using HT microscopy images.

Prerequisite Teacher Knowledge

Teachers should have a working knowledge of cell biology, molecular biology, genetics,

and be comfortable using the Allen Cell Explorer website. By completing our lesson prior
to instruction, teachers will be able to test their level of comfort with the site and its

tools. Teachers should also have familiarity with the spinning disk confocal fluorescence
microscopy techniques used by the Allen Institute for Cell Science. Teachers are encouraged
to view the video tutorials provided on the site and the Haupt video tutorial on endogenous
fluorescent tagging of cells using CRISPR (10). While a key is provided, several questions
have alternate reasonable responses, and instructors are encouraged to solicit different
student responses for discussion.

SCIENTIFIC TEACHING THEMES

Active Learning

This lesson uses a case study that can be completed by students individually or in groups,
with class-level wrap-up discussions and individual metacognition reflections. The case
study pedagogy is considered a student-centered active learning pedagogy by the President’s
Council of Advisors on Science and Technology (PCAST) report (11) and shown to improve
student performance even when cases were authored by others (12). Group worksheets have
been shown to have a positive impact on learning gains of undergraduates (13). Furthermore,
case studies can be used as homework assignments (completely asynchronous and online,
for example, 14), containing realistic scenarios that invite students to explore data and

arrive at conclusions before larger group discussions (15). Questions used in this case study
can be adapted to be answered using student response systems (“clicker questions™) or are
suitable for think-pair-share active learning techniques even in distance learning situations.
For suggestions and possible modifications, please see Supporting File S3. Does Organelle
Shape Matter? - Teaching Notes.

Assessment

Students submit answers to the case studies in small groups and reflect on the activity
individually. Case study submissions can be reviewed by instructors and graded for
accuracy, effort, and completion. We encourage instructors to review the case study as a
group debrief, inviting participation and contributions by all members. Students self-evaluate
their learning in their reflections. Individual student written reflections encourage students
to think about the lesson and connect it to current knowledge and future applications,
practicing metacognition.
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We encourage instructors to provide suggested responses (Supporting File S2. Does
Organelle Shape Matter? - Teacher Key) as a posted document. The use of de-identified
student quotes and example work has been approved by North Carolina State University IRB
under protocol number 117558.

Inclusive Teaching

This lesson was designed to be approachable to and accessible by a broad range of learners
in order to expose students to high-throughput datasets and their potential. Case studies can
be adapted to a variety of courses and formats. We have implemented this case as a series
of handouts formatted for ADA accessibility to be screen-reader friendly. We provide the
worksheets both as physical handouts and as editable electronic documents. We have used
Google Docs to encourage groups of students to work collaboratively, both in class and
virtually (often asynchronously). In-class discussions are used to facilitate contributions by
all participants. Several of the questions have multiple potential responses and can be used
to foster productive discussions about the methodology and future experiments, prompting
students to think critically about high-throughput technologies, for example. See Supporting
File S3. Does Organelle Shape Matter? - Teaching Notes.

Additionally, in-class administration of the case can be accomplished using several student-
centered active learning techniques including group work, think-pair-share, and whip around
to promote learning (15). Case studies can be used as low-stakes assignments to foster
productive discussions, use of high-throughput databases and resources, and quantitative
skills. Instructors are encouraged to allow students to submit completed cases in alternative
formats including audio and video files.

LESSON PLAN

This lesson is designed for a 75-minute class period (see Table 1 for the progression through
the lesson with approximate timing). The intention of this lesson is to address common
misconceptions about cell organelle structure and raise awareness of the methods and
applications of high-throughput (HT) technologies. Students may think of cell morphology
and organelle shape as 2D static structures when these are dynamic and three-dimensional
in shape. By exposing students to thousands of authentic microscopy images and high-
throughput approaches, students learn how our knowledge of cell structure has evolved. This
case exposes students to large microscopy datasets available on the Allen Cell Explorer
website. The lesson uses a case study highlighting the tools used to create these datasets
and the numerous applications of HT technologies. Using this lesson, students interact with
datasets produced using HT approaches to answer fundamental questions about cell biology
and drug discovery.

Pre-Class Preparation

We encourage the instructor to become familiar with the Allen Cell Explorer web site

and read the case study and instructor key before implementing the case. First, instructors
should assign students to small groups (3—4 participants per group). Instructors should also
emphasize that the teams will need to work collaboratively to share their findings and reach
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conclusions that will later be shared in a class-level discussion. The goal is to foster an
environment that encourages active participation and discussion by all participants.

We begin the lesson by explaining the goals of the case study, its format, and the datasets
that the students will have the opportunity to explore (S3. Does Organelle Shape Matter?

- Teaching Notes.). It is important to highlight how the case study will introduce high-
throughput microscopy and the use of open datasets and public resources. We ask students to
think about what high-throughput microscopy means to them, and how it could be applied.

The instructor may consider stopping after each part of the case study to request student
responses and encourage class discussion. Random calling after providing sufficient time
for students to generate a response and the whip-around method for eliciting student
contributions in an equitable manner are encouraged (13). However, we encourage
instructors to be mindful of equity and the assumptions of sharing, as some students may not
feel comfortable sharing in large groups due to anxiety, stereotype threat, and other factors
(16).

Progressing Through the Activity

The students receive the case study provided in Supporting File S1. Does Organelle Shape
Matter? - Student Handout. To help students progress through the activity, the instructor
should check in with groups and provide assistance when necessary. Students may encounter
difficulties finding and analyzing images from the Allen Cell Explorer. Instructors should
provide assistance to groups and announce common sticking points to the class. An
overview of the activities and example timeline are provided in Table 1. In Part I, students
explore the typical structure of the endoplasmic reticulum (ER). There will be a variety of
drawings and sketches, often based on the highly stylized ER structure provided in textbooks
and Wikipedia, for example. In question 2, students will explain the function of the ER in
their own words, asking them to do online research or activate prior knowledge from high
school biology or college cell biology courses.

In Part I1, students visit the Visual Guide to Human Cells. Students should read the
information on the web page to learn how researchers visualized the ER. A helpful video
tutorial of the Allen Cell Explorer is available (Allen Cell Explorer Tutorial: Navigating the
3D Cell Viewer). This part of the case familiarizes students with the protein tagging system
used to visualize cell structures. Sec61-beta tagging is used to visualize the ER, for example.
Students then use the guide to compare the ER in different cell cycle phases, learning that
the ER structure often does not look like the images they may have encountered in textbooks
or diagrams of cells.

Part 111 of the case uses web-based tools available on the Cell Feature Explorer to

measure cellular and nuclear volumes of student-selected images of cells. Instructors should
encourage participants to compare the values they obtained to start discussions about cell
variability. The Integrated Mitotic Stem Cell is used to teach students about variability of
other cell structures over space and time. The questions are designed to encourage curiosity
and highlight what students find intriguing about the images (question 4). The methods used
by the researchers at the Allen Institute are important to emphasize. Thus, question 5 asks
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students to navigate to the Methods for Microscopy page to learn more about the process
used and summarize their interpretation in no more than five sentences. After completing
questions 6 and 7, it may be useful to have groups of students compare responses.
Instructors should ask groups to share what they can infer from the cells in the Allen

Cell Explorer that we can’t do with the stained CHO cells. Then, instructors can ask about
potential limitations of the endogenous fluorescence method used by the Allen Institute,
such as alternative localization or compromised function. The desired outcomes of these
discussions will be to compare approaches and have students describe the methodology and
potential limitations. Instructors can then identify misconceptions and make sure all groups
have an understanding of the methods used to generate this dataset.

Part IV of the case study returns to the implications of these approaches and primes students
to develop a plan for next-step experiments. This set of questions encourages participants to
think about high-throughput microscopy methods and their applications. The final question
asks students to design a future experiment to follow up on the experiments in the case
study.

The last section of the case is a reflection to wrap up the activity and prompt students to
individually state the most memorable concepts or skills they learned with this activity and
what they are left wondering about. The objective is for students to reflect on what they have
learned and share with the instructor what they are still unsure about or are interested in
learning more details about.

Synthesis & Reflection

We encourage instructors to revisit themes from responses in a class-level discussion

that highlights the methods used by the Allen Institute, applications and implications of
high-throughput approaches, and the interconnectedness of cell biology and searches for
antimicrobials using high-throughput screening. We announce to the class that we will
revisit the case study during our next session together and to bring their completed case
studies. We start the next class period with dedicated time (15-30 minutes) to have this
discussion. We restate the learning objectives of the case study and then ask representatives
from each group to summarize a part of the case to the entire class. We ask other groups if
they had similar thoughts and why or why not. The goal is to review the main findings from
the case study. At the end, we project the Visual Guide to Human Cells webpage and prompt
students to share what they thought was the most memorable outcome of the case study. We
tend to emphasize the size of the dataset and the opportunities to use these cell lines, images,
and methods for other studies and comparisons. The take-home points we want students to
leave with are: that the ER shape and size does vary, that this open dataset produced by
high-throughput microscopy approaches highlights cell organelle variability and provides
data for modeling tools, and that they brainstorm a future experiment based on what they
learned.

Instructors should ask several groups to share their proposed experiments to illustrate
different ideas. We also ask students to think about what they would do with the hiPSC

cell lines if they were to run their own experiments. To engage in productive discussions, we
advise novice instructors to state to the class participants that you will call on each group to
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share their thoughts on each part of the case study. Groups will have time to find their case
studies, briefly share their thoughts, and assign a speaker. Groups are allowed to pass once
but you would be expecting all groups to contribute. For the final discussion about future
experiments, questions, and applications, all participants are encouraged to contribute their
thoughts, by raising their hands, responding to poll questions, or other response systems.
Instructors can address pinch points, or areas of difficulty for students, such as the use of
tools on the Allen Cell Explorer site or the significance of the cell lines used for the study.
Each group submits one completed case study document. The instructor provides feedback
on this document. Students individually reflect on the case study by answering a reflection
prompt.

TEACHING DISCUSSION

There are a number of madifications that can be made to the case study to extend it and
dig deeper into the methodology used, the significance of high-throughput approaches,
variability in the structure of the endoplasmic reticulum (ER), and future experiments that
can be performed to improve the therapeutic potential of the drug Dr. G’s group found.

Introductory students can engage in the analysis of authentic high-throughput datasets using
the Allen Cell Explorer. The case can be modified to emphasize the variability of cell
organelle structure and how high-throughput approaches allow researchers to obtain large
datasets to build more accurate models. In courses with learning objectives focusing on

the process of science and cell organelle structure, after implementation of the case study,
instructors may use class discussions or online forums to search for published studies noting
variability in endoplasmic reticulum staining or size under specific conditions, for example.
Depending on the focus of the course, the lesson may also be extended to have students
conduct the same analysis on a different cell structure.

A natural next step for advanced, computationally-oriented students is to explore the label-
free method developed by the Allen Institute to process its HT data. In our experience,
several upper-division students and graduate students were intrigued by the use of HT
microscopy data from these engineered cell lines to create a label-free prediction system.
Students could be assigned the video resource by Haupt et al. 2018 (10) or the Ounkomol et
al. publication (17) describing the label-free prediction system for discussion in a subsequent
class session. These two publications describe cutting-edge techniques that include CRISPR
genome editing and high-throughput image analyses that may align with a number of cell
biology and genomics course objectives. However, these publications are not open access
and will require access via an institutional subscription.

We encourage instructors to emphasize the application of these high-throughput
technologies to solve real-world problems, such as identifying novel antibiotics or
understanding the impact of drug perturbations on cell morphology and function. The Allen
Cell Explorer also has a small amount of data on cell images after drug perturbation.

In addition, in Spring 2020 we implemented the case remotely using Google Docs shared
with each group. We were able to monitor the progression of the students on the case by
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viewing the document and adding comments when necessary. We were able to summarize
the main highlights and learning objectives of the case using a short screencast that was
shared with students. In the fall of 2020, we implemented in an asynchronous online course
by posting the case to the course website. Students completed the case individually, and

the class used forums for discussions. In both instances, the data analysis of the case is
unaffected, as it relies exclusively on online data resources.

Representative student quotes are presented below highlighting what participants learned by
completing this activity:

“The potential of a HT pipeline for image analysis and how it can expedite the
research process... How useful the selected tags for each organelle are. Are they
as selective as these images imply or is there some non-selectivity that has to be
processed out? The best way to start this process would likely be to look through
their website. Failing that, there are databases available that have compiled protein
info and will show if these proteins have been found localized to other locations
within the cell. ”

(Student, Fall 2020)

“Whereas the things that can be created with high-throughput technologies can

be impressive and of equal quality to results from more arduous experiments,

it does not mean that these approaches can answer each mildly-related question
completely. The Allen Institute has a great number of high-resolution photographs
that allow people to see different cell structures, giving us a better idea of

cell morphology in general. However, a targeted question assessing a specific
subcellular component may require the utilization of other technologies to yield
relevant results, or at the very least add a layer of refinement to data already
presented. It was clear in the case study that the ER, for instance, changes in
volume. In an experiment, this makes it hard to predict whether changes are due

to cell size or phase, or to a specific growth condition or drug addition. It would

be difficult to address this completely by image analysis alone, even with machine
learning. Even though impressive resources can be developed with HT protocols, it
is important to realize that more work may need to be done in order to get impactful
results for more specific questions.”

(Graduate Student, Fall 2020)

“High throughput technologies allow data to be generated at a much faster rate than
could be done just by human researchers. A good example would be the imaging

in the Case study. It would have taken much longer, or been much more expensive
to make all those images without the use of HTP.... However, with the use of those
technologies, the images were able to be completed in a very timely manner, which
then allowed human researchers to analyze them and find trends.”

(Undergraduate Student, Fall 2020)

“Combination of using a sample of images that are more accurate but time
consuming with methods that can be reproduced more quickly to produce
prediction models isn’t something most of us had considered before. It is an
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interesting idea to get some accuracy but also prepare for experiments that could be
done in a high throughput manner.”

(Group of Students, Spring 2020)

“l thought it was interesting to see how the textbook images aren’t always what
they seem to be...or even accurate for that matter. It was also helpful to learn that
there are other resources that can be used that can provide more reliable pictures/
images.... Using the Allen institute microscope, | think it would be interesting to
explore other organelles, and their functions.”

(Group of Students, Spring 2020)

“From this case study, it was important that we were able to learn about the
approaches of high-throughput technology and the different applications that it has
especially in exploring cell shape and structure. This methodology is extremely
unique and being able to use this website is extremely useful and can have
applications to our careers and future endeavors.”

(Group of Students, Spring 2020)

Based on student responses both individually and in groups, this case study prompted
students to think about the applications of high-throughput microscopy and elicited interest
and numerous additional questions. Responses by both undergraduate and graduate students
highlight similar topics, as well as thoughts submitted by groups.

Possible modifications to an online implementation of this case include individual online
written or verbal (using the video/audio tool of the LMS) reflections and posting to a

class forum to share thoughts and future applications of the label-free prediction system
created by the Allen Institute. Instead of assigning the case study as a worksheet, instructors
could teach the lesson interactively in a class session, using clicker questions to reinforce
concepts and assess achievement of the learning objectives in real time. It is important

to provide students with the opportunity to practice skills and retrieve knowledge gained

by completing this case study. Instructors can design short quizzes that address learning
objectives focusing on the nature and applications of high-throughput technologies. Short
essay questions can challenge students to research cell organelle variability or the use of
cytotoxicity assay methods for drug screening and present evidence supporting a proposed
experiment. Another variation could be to ask students to use the Allen Cell Explorer
website to measure a reasonable number of cell organelles (~35) and present that data for
subsequent quantitative analyses. This assignment would then allow students to practice the
use of the Cell Explorer and obtain data for statistical analyses to support or reject their
hypothesis that ER structure does vary (under x condition, for example). While the addition
of quizzes and essays should be as low-stakes assessments, summative assessments can
include questions identifying key concepts of the case on a final exam or unit evaluation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

CourseSource. Author manuscript; available in PMC 2022 August 17.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Goller et al. Page 11

ACKNOWLEDGMENTS

The Allen Institute thanks our founder, Paul G. Allen, for his vision, encouragement, and support that enable

the open resources used in this case study. This case study is part of other cases created as part of the NSF High-
throughput Discovery Science & Inquiry-based Case Studies for Today’s Students (HITS) RCN network (NSF
award: 1730317). Our goal is to raise awareness of the use of high-throughput approaches and datasets using case
study pedagogies. Carlos C. Goller is also supported by an NIH Innovative Program to Enhance Research Training
(IPERT) grant “Molecular Biotechnology Laboratory Education Modules (MBLEMs)” 1R25GM130528-01A1.

Conflict of Interest and Funding Statement:

None of the authors has a financial, personal, or professional conflict of interest with this work. This case study is
part of other cases created as part of the NSF High-throughput Discovery Science & Inquiry-based Case Studies for
Today’s Students (HITS) RCN-UBE (go.ncsu.edu/HITS) network (NSF award: 1730317). Carlos C. Goller is also
supported by an NIH Innovative Program to Enhance Research Training (IPERT) grant “Molecular Biotechnology
Laboratory Education Modules (MBLEMs)” 1R25GM130528-01A1.

REFERENCES

1. Matheus PV, et al. 2020. Robust integrated intracellular organization of the human iPS cell: where,
how much, and how variable. bioRxiv 2020.12.08.415562; doi: 10.1101/2020.12.08.415562

2. Chessel A, Carazo Salas RE. 2019. From observing to predicting single-cell structure and function
with high-throughput/high-content microscopy. Essays Biochem. 2019 Jul 3;63(2):197-208. doi:
10.1042/EBC20180044. [PubMed: 31243141]

3. Shelden EA, Offerdahl EG, Johnson GT. 2019. A virtual laboratory on cell division using a
publicly-available image database. CourseSource. DOI: 10.24918/cs.2019.15

4. Schwarz DS, Blower MD. 2016. The endoplasmic reticulum: structure, function and response to
cellular signaling. Cell Mol Life Sci. 2016 Jan;73(1):79-94. DOI: 10.1007/s00018-015-2052-6.
Epub 2015 Oct 3. [PubMed: 26433683]

5. Pollard T, Earnshaw W, Lippincott-Schwartz J, Johnson GJ. Cell Biology 3e. Elsevier, NY, 2017.

6. Westrate LM, Lee JE, Prinz WA, Voeltz GK. 2015. Form follows function: The importance
of endoplasmic reticulum shape. Annu. Rev. Biochem 2015;84:791-811. DOI: 10.1146/annurev-
biochem-072711-163501.

7. Hutchison J 2011. What’s the best organelle in the cell—Using debates to cover content in an
engaging way. The American Biology Teacher 1 January 2011; 73 (1): 44-45. DOI: 10.1525/
abt.2011.73.1.9

8. Saunders C, Taylor A. 2014. Close the textbook & open “The Cell: An Image Library.” The
American Biology Teacher 1 March 2014; 76 (3): 201-207. DOI: 10.1525/abt.2014.76.3.9

9. Sestero C, Tinsley H, Ye ZH, Zhang X, Graze R, Kearley M. 2014. Using the cell engineer/detective
approach to explore cell structure and function. CourseSource. DOI: 10.24918/cs.2014.7

10. Haupt A, Grancharova T, Arakaki J, Fuqua MA, Roberts B, Gunawardane RN. 2018. Endogenous

protein tagging in human induced pluripotent stem cells using CRISPR/Cas9. J. Vis. Exp (138),
€58130, DOI:10.3791/58130
11. PCAST. 2012. President’s Council of Advisors on Science and Technology (PCAST).
Report to the President. Engage To excel: Producing one million additional
college graduates with degrees in science, technology, engineering, and mathematics.
Available online: https://obamawhitehouse.archives.gov/sites/default/files/microsites/ostp/pcast-
engage-to-excel-final_2-25-12.pdf
12. Bonney KM. 2015. Case study teaching method improves student performance and perceptions
of learning gains. Journal of Microbiology and Biology Education, 16(1): 21-28. doi: 10.1128/
jmbe.v16i1.846. [PubMed: 25949753]

13. Weir LK, Barker MK, McDonnell LM, Schimpf NG, Rodela TM, Schulte PM. 2019. Small
changes, big gains: A curriculum-wide study of teaching practices and student learning
in undergraduate biology. PLoS ONE 14(8): €0220900. DOI: 10.1371/journal.pone.0220900
[PubMed: 31461447]

CourseSource. Author manuscript; available in PMC 2022 August 17.


https://qubeshub.org/community/groups/hits
https://qubeshub.org/community/groups/hits
http://go.ncsu.edu/HITS
https://obamawhitehouse.archives.gov/sites/default/files/microsites/ostp/pcast-engage-to-excel-final_2-25-12.pdf
https://obamawhitehouse.archives.gov/sites/default/files/microsites/ostp/pcast-engage-to-excel-final_2-25-12.pdf

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Goller et al.

14.

15.

16.

17.

Page 12

Bixler A, Eslinger M, Kleinschmit AJ, Gaudier-Diaz MM, Sankar U, Marsteller P, Goller C,
Robertson S. Three steps to adapt case studies for synchronous and asynchronous online learning.
J Microbiol Biol Educ. Accepted December 2020.

Tanner K 2013. Structure Matters: Twenty-one teaching strategies to promote student engagement
and cultivate classroom equity. CBE—L.ife Sciences Education 2013 12:3, 322-331. doi: 10.1187/
cbe.13-06-0115

Cooper KM, Schinske JN, Tanner KD. 2021. Reconsidering the share of a Think—Pair-Share:
Emerging limitations, alternatives, and opportunities for research. CBE—L.ife Sciences Education
2021 20:1.

Ounkomol C, Seshamani S, Maleckar MM. et al. 2018. Label-free prediction of three-dimensional
fluorescence images from transmitted-light microscopy. Nat Methods 15, 917-920. 10.1038/
$41592-018-0111-2 [PubMed: 30224672]

DATA CITATIONS

Allen Institute for Cell Science. 3D Cell Viewer (2017). Available from: allencell.org/3d-cell-

viewer.html

Allen Institute for Cell Science. Cell Feature Explorer (2017). Available from: cfe.allencell.org
Allen Institute for Cell Science. Integrated Mitotic Stem Cell (2019). Available from:

imsc.allencell.org

Allen Institute for Cell Science. Label-free determination (2018). Available from: allencell.org/label-

free-determination.html

CourseSource. Author manuscript; available in PMC 2022 August 17.


http://allencell.org/3d-cell-viewer.html
http://allencell.org/3d-cell-viewer.html
http://cfe.allencell.org
http://imsc.allencell.org
http://allencell.org/label-free-determination.html
http://allencell.org/label-free-determination.html

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Goller et al.

Page 13

Learning Goals

Students will:

. understand how cell organelle structure varies between and within cells, as
well as over time, focusing on the endoplasmic reticulum (ER).

. learn about the real-world interpretation and application of high-throughput
microscopy datasets and methodologies.

. learn how to apply open data as a reference to provide context for their own
data.

Learning Objectives

Students will be able to:

. describe the morphologies (anatomical structure) of the endoplasmic
reticulum (ER) and its primary functions.

. describe the purpose and applications of high-throughput microscopy.

. compare cell structures using general visual analysis tools, in this case,
demonstrated by the 3D Cell Viewer on allencell.org.

. design a future experiment using similar data that builds on their findings.
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