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Fig. S1. Implementation of a strategy to overwrite Oct4 expression. (A) Schematic of the
circuit used to assay the functional activity of miRNAs to knock down OCT4. The expression of
OCT4 is driven by rtTA and is DOX-inducible. The miRNA is expressed from a 3’UTR intron in a
hEFla mKate2 reporter plasmid; mKate2 fluorescence reports miRNA expression. The miRNAs
target the coding sequence of OCT4, and knockdown of OCT4 leads to knockdown of mNeonGreen
reporter levels. (B) The bar graph summarizes the fold-changes in the median levels of
mNeonGreen-2A-OCT4 in response to addition of the miR-Oct4 variants. Only miR-Oct4e and
miR-Oct4g have substantial activity. The sequences for all the tested miRs are summarized in table
S1. (C) Comparison of the expression vectors for miR-Oct4e and -g. hEF 1a e/g corresponds to the
vector used in fig. S1A,B.
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Fig. S2. Design and characterization of strong rtTA-activated promoters. (A) Schematic of the
experimental design used to characterize strong rtTA-responsive promoters. We used rtTA as an
activator and cloned different TRE promoters with 3—12 tetR binding sites upstream of a minimal
CMYV promoter to drive expression of an mNeonGreen reporter. (B) The violin plots summarize
the mNeonGreen distribution in the absence and presence of DOX for each promoter variant. The
inset box plots show the median (white circle), 25" to 75™ percentiles (box), and 5 to 95
percentiles (error bars). The fold-changes written in black correspond to the ratio of the medians of
the mNeonGreen output distributions in the presence and absence of DOX. The median
mNeonGreen level in the on-state (+DOX) was normalized to that of the TRE3G promoter (values

written in blue and labeled "relative output").
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Fig. S3. The effect of overexpressing or knocking down OCT4 in hiPSCs. We transduced iPSCs
with two versions of the two-lentivirus system shown in Fig. 2A, without ((A), (B)) and with ((C),
(D)) U6-miR-Octde, and we cultured them in various doxycycline (DOX) conditions. "Time delay
to DOX addition" refers to the number of days post-transduction when DOX was added to the
medium. At every time since transduction, the heatmaps summarize the proportion of TRA-1-60-
positive cells for each condition. The heatmaps in (A) and (C) represent replicates of the data in
Fig. 2A. The heatmaps on the left and right summarize data from transduced 1157.2 cells and 1383.1
cells, respectively, while Fig. 2A summarizes data from transduced PGP-1 cells. In (B) and (D),
each bar represents the mean value of the proportion of TRA-1-60-positive cells for each condition.
Error bars in the bar graph correspond to the standard deviations of n=3 biological replicates, each
of which is plotted as a dot. Asterisks indicate significant differences (xp<0.05, **p<0.01) according
to an unpaired two-tailed Student’s t test. ns: not significant.
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Fig. S4. Limitations of barcoding approaches for tracking OCT4 levels during human
reprogramming. (A) Schematic overview of the barcoding experimental workflow. (B) The
number of clones detected at each timepoint that were also detected at earlier timepoints decreases
dramatically at later timepoints during reprogramming. In addition, the fact that reprogramming of
human fibroblasts yields a low number of TRA-1-60-positive colonies represents a major
bottleneck to tracking successful clones via a barcoding approach.
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Fig. S5. Validation of the correlation between mNeonGreen and OCT4 from the imaging
data. (A) For the stained colony in Fig. 4C, the correlation between the mNeonGreen and OCT4
fluorescence was determined. (B) As a negative control, the correlation between the mNeonGreen

and NANOG (which is not expected to be correlated to mNeonGreen) fluorescence was also
determined.
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Fig. S6. Doubling time of successfully reprogramming HDFs. The distribution summarizes the
estimated doubling time for every reconstructed trajectory over the duration of the entire
timecourse. We found that these cells had a median doubling time of 1.83 days, which contrasts
with studies of murine reprogramming, in which hyperproliferative cells have been shown to be
more likely to successfully reprogram (59, 60).
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Fig. S7. Example of a colony formation event. We imaged the cells undergoing reprogramming 9
times a day. Each of the above images illustrates the state of an example colony formation event at
the labeled timepoint.
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Fig. S8. Identification, segmentation, and fluorescence intensity measurement of nuclei in
confocal time-course imaging datasets. (A) The Z-projected "C13" live confocal image
represents the ratio of the mNeonGreen (CO1) and empty channel (C03) signals. The square
indicates the region shown in panel (B). Scale bar: 500 pm. (B) Scale bar: 500 um. (Bi) This
image is a zoom-in version of the square in panel (A). (Bii) We enhanced the signal from the
image in panel (Bi) 40x to visualize very dim cells. (Biii) After image processing (removal of
bright outliers, despeckling, and image median subtraction), we identified the local maxima and
marked them with crosshairs. (Biv) This image is the same as the one in panel (Biii), with a 40x
increase in the image brightness to enhance the visibility of cells with low mNeonGreen signal
intensity. (C) For each identified local maximum, the algorithm triggers a search for a nucleus-
shaped and -sized region of interest (ROI). Scale bar: 50 um. (Ci) The image sequence illustrates
the identification of a dim cell. The first panel contains a 100x100 pixel cropped region with the
candidate location in the center and the local maximum marked by a cyan cross with a red dot. This
image is then progressively dimmed towards the periphery to suppress signal from nearby nuclei
that may be brighter (panel 2). An intensity threshold is applied and repeatedly increased until the
thresholded area (red) that contains the maximum area that passes the size- and shape-based
inclusion gates (panel 3). Panel 4 shows the identified region without thresholding. The identified
nuclear outline is then smoothened and isometically scaled to more accurately capture the
identified nuclear ROI (panel 5). (Cii) The image sequence summarizes an example of the cell
identification algorithm in a case where there is a bright nuclear region that is in contact with
another nuclear region, requiring a higher threshold (panel 3-6). Panels 1-5 display the
processing steps summarized in Ci. A more significant isometric enlargement is applied to this
ROI to compensate for the smaller size of the initial ROI due to the higher threshold level (panel
8: the final ROI is outlined by a thick green line). (Ciii) The image sequence shows an example of
the cell identification and segmentation algorithm in a case where there is a nuclear region that
overlaps with multiple other nuclear regions. (D) The outlines represent all of the nuclear regions
identified in the images in panel (B). The nuclear regions are outlined in colors that indicate in
which step of the multi-step nuclear ROI identification process they were accepted. Step 1 (green)
involves dynamic thresholding; Step 2 (yellow) involves an attempt of maxima-based de-
clumping followed by dynamic thresholding; Step 3 (cyan) involves accepting ROIs based on area
thresholds alone using a single minimal threshold setting of 1 to capture very dim cells. After an
ROl is accepted, the signal contained within it is removed. Finally, Step 4 (cyan) involves
identification of additional local maxima and nuclei after completion of Steps 1-3. We also
leveraged additional algorithms to aid the segmentation of overlapping nuclei, including ROI
splitting (red) and binary ROI watershedding (pink). All steps were performed using macros in
F1J1/Imagel. Scale bar: 500 um. (E) Each point represents the measured C13 integrated
fluorescence intensity over the Y location of the nuclei from the same well and timepoint shown in
panel (A), demonstrating that the described multistep ROI ID approach enables the robust
detection and segmentation of nuclei with mNeonGreen expression levels span over three orders of
magnitude. (F) We plated InSpeck fluorescent beads with nominal FITC fluorescence intensity
levels of 1%, 10%, and 30% into wells and imaged using the same settings described in the
Methods. Each point in the plot represents the integrated CO1 (mNeonGreen) intensity level of the
beads against the lot-corrected nominal bead intensities. We employed beads from the same lot in
flow cytometry experiments to facilitate a direct comparison of mNeonGreen fluorescence
intensities between flow cytometry and confocal imaging experiments.
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Fig. S9. Image processing methodology. (A) To facilitate image alignment throughout the
timecourse and identification of regions of interest, we calculated a ratio image ("C13") by
dividing the signal intensity from the pre-processed mNeonGreen ("CO01") and autofluorescence
("C03") channel images. Scale bar: 500 um. (B) We identified the colony regions by drawing a
white circle at the location of each identified cell (panel 1 shows this for an example well)
followed by summation of the timepoint slices (panel 2), blurring (panel 3), thresholding (panel 4),
and size selection and filling of holes (panel 5). Scale bar: 1 mm.
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Fig. S10. Quantification of OCT4, SOX2, and OCT4-mNeonGreen expression levels in
hiPSCs and transduced HDFs. (A) Immunofluorescence of anti-OCT4-AF555 staining facilitates
identification of nuclear ROIs for an undifferentiated iPSC colony (line 1480). Scale bar: 100 um.
(B) To estimate the OCT4 expression levels in undifferentiated iPSCs, we plated several different
lines on MEFs or Matrigel and stained for OCT4. Each bar represents the mean of the OCT4
expression level (equivalent to the mean of the integrated fluorescence intensities of all nuclei in
a colony) in each colony for at least three colonies per condition. The solid gray line and the
dashed gray lines represent the geometric mean and standard deviation, respectively. We compiled
these data from 79 undifferentiated colonies from 8 hiPSC lines and three independent experiments.
(C) To determine the ratio of OCT4 immunofluorescence and mNeonGreen fluorescence signal for
the OCT4-mNeonGreen fusion protein, we infected HDFs with our controllers, stained for OCT4
seven days post-transduction, and imaged for mNeonGreen and anti-OCT4-AF555. The images
give an example of an ROI of a transduced and OCT4-stained HDF nucleus and the accepted ROI
of the successfully identified nucleus of the same cell during live imaging for mNeonGreen.
Scale bar: 50 um. (D) For the same assay as in panel (C), these images give an example of a
cell rejected by the identification algorithm because of the presence of two nearby candidate
nuclei in the mNeonGreen image, thus precluding unambiguous identification of the correct
mNeonGreen-positive nucleus. Scale bar: 50 um. (E) There is an absence of signal in the OCT4
(Alexa Fluor 555) channel in images of the transduced cells. We acquired these confocal images
post-fixation and pre-immunostaining. The profile plots show per-pixel intensities under the
diagonal white line in the images. Scale bar: 100 pum.
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Fig. S11. There is a strong correlation between the median mNeonGreen intensity and the
integrated density of the mNeonGreen signal for cells identified in the imaging data. For each
cell at every timepoint, we plotted the integrated density and the median of all the pixels within the
nuclear ROI. The orange line represents the linear regression of the points, with r? = 0.91.
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Fig. S12. The effects of ectopic OCT4 expression on pluripotency. We transduced iPSCs with
the version of the system shown in Fig. 2A containing the miRNA cassette and maintained them
in DOX-containing medium. We stained the cells for TRA-1-60 four and fourteen days post-
transduction and analyzed them via flow cytometry. The above scatter plots correspond to the
replicates of the data in Fig. 2B.
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Fig. S13. mNeonGreen and total OCT4 are correlated in iPSCs transduced with the
trajectory generator. We transduced iPCSs with the two illustrated two-lentivirus systems. We
stained the transduced cells for OCT4 four days post-transduction and analyzed them via flow
cytometry. The scatter plots show the double-positive (OCT4, mNeonGreen) cells. The dashed
lines represent the linear regression fit of these points, with the corresponding r-value shown in the
respective plot. The above scatter plots correspond to the replicates of the data in Fig. 3D.



Name

Sequence

miR-Oct4a
miR-Oct4b
miR-Oct4c
miR-Oct4d
miR-Oct4e
miR-Oct4f
miR-Oct4g
miR-Oct4o

AGGATGTGGTCCGAGTGTGGT
AACATGTGTAAGCTGCGGCCC
GCCCTCACTTCACTGCACTGC
TCTCCCATGCATTCAAACTGA
GTGGAGGAAGCTGACAACAAT
ATCTTCAGGAGATATGCAAAG
GGTTCTATTTGGGAAGGTATT
TTGGGATTAAGTTCTTCATTC

Table S1. miR-Oct4 variant sequences.



Primer Sequence

Reference

OCT4 [FWD] CCCCAGGGCCCCATTTTGGTACC
OCT4 [REV] ACCTCAGTTTGAATGCATGGGAGAGC
SOX2 [FWD] TGGCGAACCATCTCTGTGGT

SOX2 [REV] CCAACGGTGTCAACCTGCAT

GAPDH [FWD] ACGACCACTTTGTCAAGCTCATTTC
GAPDH [REV]  GCAGTGAGGGTCTCTCTCTTCCTCT

Tanabe et al (39)

Tanabe et al (39)
Zapata-Linares et al (103)
Zapata-Linares et al (103)
Swaidan et al (104)
Swaidan et al (104)

Table S2. RT-qPCR sequences.



Movie S1.
Timecourse imaging of reprogramming HDFs.

Data S1.

Tables including the experimental values for each main figure subpanel in which there are fewer
that n = 20 points.
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